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REMARKS 

With entry of this amendment, claims 9-10, 15, 18-20 and 32-33 are under 
examination. Claims 1 1-14 and 16 have been cancelled by this amendment. Claim 9 has 
been amended to be limited to leukemia, as supported by Example 9, and to recite 
"administering*' as appropriate to the presently claimed subject matter and in conformance 
with dependent claim 18. Claim 10 has been amended to conform with the amended 
language of claim 9. Claim 1 8 has been amended to add the term "acceptable", for proper 
grammar. Claims 32 and 33 have been amended to overcome an indefiniteness rejection. 
Support for the amendments can be found throughout the specification, and in the originally 
filed claims. No new matter has been added. Reconsideration is requested. 

The Examiner objected to the specification because the priority data does not reflect 
the status of USP 6,777,444. The specification has been amended to include this information. 
Withdrawal of the objection is respectfully requested. 

The Examiner noted that page 34 was missing from the filed application. The 
amended passages in the previously filed Preliminary Amendment include page 34 from the 
parent application. It is submitted that addition of the allegedly missing page does not add 
any new matter, as the parent application was incorporated by reference. It is further 
confirmed that all of the amendments to the specification made in the preliminary amendment 
were of a stylistic or formal nature, and did not add any new matter. 

Claims 9-12, 14-16, 18-20 and 32-33 were rejected under 35 USC § 1 12, first 
paragraph, because the specification allegedly does not provide enablement for the treatment 
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of all tumor types by administering tetra-O-methylnordihydroguaiaretic acid. The Examiner 
has cited Bertino and Salmon, "Principles of Cancer Therapy", Cecil's Textbook of Medicine, 
in support of her position. Although Applicants do not agree with the Examiner*s position, in 
order to advance prosecution, the claims have been limited to the treatment of leukemia. As 
noted by the Examiner, support can be found in Example 9 of the specification. It is 
respectfully submitted that the present claims are free of the enablement rejection. 
Reconsideration and withdrawal of the rejection are respectfully requested. 

Claims 32-33 were rejected under 35 USC § 1 12, second paragraph, as being 
indefinite. The claims have been amended to replace "concentration" with "effective amount" 
and are believed to be free of the rejection. Reconsideration and withdrawal of the rejection 
are respectfully requested. 

Claims 9-16 and 18-20 were rejected under 35 USC § 102(b) as being anticipated by 
Neiss et al. (USP 5,276,060). To the extent that this rejection may be considered applicable 
to the presently pending claims, it is traversed for the following reasons, 

Neiss et al. do not disclose the use of the present compounds for the treatment of 
leukemia, to which the claims are now limited. Reconsideration and withdrawal of the 
rejection is respectfully requested. 

Claims 9-16, 18-20 and 32-33 were rejected under 35 USC § 103(a) as being 
unpatentable over Neiss et al. To the extent that this rejection may be considered applicable 
to the presently pending claims, it is traversed for the following reasons. 
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It is respectfully submitted that there is no suggestion in Neiss et al. that the presently 
recited compounds could be used to treat leukemia, as presently claimed. Reconsideration 
and withdrawal of the rejection is respectfully requested. 

Claims 9-10, 14-16, 18-20 and 32-33 were rejected under the judicially created 
doctrine of obviousness-type double patenting over claims 1-8 of USP 6,214,874 and claims 
9-10, 14-16, 18-20 and 32-33 over claims 9, 1 1-14, 17-27 and 41-42 of USP 6,608,108. It is 
respectfully submitted that this rejection is not applicable to the presently pending claims. 
Applicants will consider filing a Terminal Disclaimer if the rejection is maintained when 
otherwise allowable subject matter has been indicated. 

The Examiner indicated that certain references in the IDS have not been considered 
because she was unable to locate copies. Enclosed are copies of the references in question. It 
is requested that these documents be considered and made of record in the application. 

All objections and rejections having been addressed, it is respectfully submitted that 
the application is in condition for allowance, and Notice to that effect is respectfully 
requested. 

Respectfully submitted, 

Date: S^lnjon ^ tf^M^. 

Ann S. Hobbs, Ph.D. 
Registration No. 36,830 
Venable 
P.O. Box 34385 
Washington, D.C. 20043-9998 
Telephone: (202) 344-4000 
Telefax: (202)344-8300 
ashobbs@venable.com 
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. 1 m - KuM- X 3e S 0 wben £1 X =» S; n ■ 2-«H inhjHt ihi 
ISivT,^ a™« iSto wM 1M% inWblMd by I \6 - «ytMi«r,X - S; 




aS^L M^f/rw WmT; i Ji. JHulsrf ^Kiions touted fe- 




»'oUde"(irR»'^ ^T- Rr= Ri^ OH. M - rl?" qm.) dO. « 



l-lW-pymJfr l-lieptanotc acid moowodium Mh »''^iJJ™^4 ° 

ilIMTfiSN TreatoiBrtt of helminth Jn&cttoni with itmrtian^ 

S^LTV^n^ l^ted with phafmacatldj. cnalg. ^1 

iJtA^^StSipOOBtfWiilylUJ^ brtudXuMii taivao. AfUr 7 days the 
dMe-d«p«iideiit manner. 1 (lOOO inWWt^ ?^t'51?™.?L« 

Kmrnodii, Tbut«c iMoiii S«ilt* Ka»hj, Ltd.) .^o^- P*^' *jg 
2W.T« (Cl. ABlKai/70>, 14 Dec JP. Appl. 87/1^6^3^ W 

dwoiMbicln) 6hSw jresUr -"ii"^"!^;^?^,^^ 
P^TatSXxffi vim, by ipfectad fc^74 c.U3 was coomietaly 

STt 0.06%a?mL for « b- Comul^ we pjtpd. eon^. 
diuaoniUdivilCl 20, Ucios^ 60. and M« aUwato 5 mg- 
1UM7701JI Molhod of tra»lSliC«t u 

• Infitiliiti of PcOlitnrft, AaibefaS' of Madiwi Scleo««, -« / 
U5sS ftU l»4li«.7M <C»-^«^5/.^8>',23 Nov 
rail 105 23 Oct 1034. Frot^ OtkryUya, fsabnt, ^'^Vi_?*' 

The laihaUly and l7»a:«WDi penod* iRf ahort«o«d by 

.iattelricrlvo^^ Htffi. OVitmio; Sakai. Ryv»Ai Soiii; Lul. 



ato^tb ^ ia CV-I cdta fai vitrD at 8 «r/05 mL, and •howd a 
11 1 in9dA Peptide awprislig the rtqariM» 

13£wv5diM«alu Joh^n. Qrttftul NbUowI dfi bi Binte at da U 

SurSw during ^bcinothwapy ^ "^^J^^- Jfh^SSS 

^iS^ibL Jtial «att bone manv^r w«» hortWBtnnad witb 1<HM 

S^^P^S^W^ ^5.000 - for 1 6 Ik-nd ti« Mffl' 



Tlw'maXerS th»o ehromalOjfra^yed -»v«™ - 
2^ «d diiled wilh »<>^ HOAaJfha S^^v^pK 

SS^S^Ktive m mice at lOO OK/i^o^ iy^tihiM^^^ 
Sf^n «lnDy-fonmPg unit, into DNA^y«ft«|a J^^-Kj} ^J*jg 
and^led^ard^ab^ 

pWrnaceuUca i. trw ) PCT InU Appi. MS 
aIuSS/Io). 02 Vinil»». Appi, Be/lWa47, 19 Nov 



itine raermion of BMIT^ tumo» being twatad with An;y> r' 

' Ali. Ijw.) PCX InU Appl. Wp " "J^*^ 
02 Viinl»». Appi, Be/lWa47, 19 Nov 
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SSar J tbt 2 >Jen«na Hops mv he ^'P^^..^^*^^ 
naphtbyl. tatrthydrwjphOo'l^^ ^^"S^'vi^^tJbX 

StptJ awn) wa. reOuJittl with Hbi vndnr N [qi 9 b to |!%;e 

In rahi^ «l»ffltrtlio^ of II twteOi^r with ZftCt «?*^^ 
aSnivSlima and d«»«wia tumor moidaiJce ui aU».whh kaijpk^ 
bInnM bcM»t odeiwc^^ An ofaitrienl omtained ZtoCh W-Ob » 
2iSXlkYutan« 5.0. PEC-400 12. PEMUOO Bl.7. Witil and 
aaoorbic acid U. infi wt. 
Ill: 117069 Uanof J-(3' 



88 ft3,4tt4 (a, A61K3/145)» l9 May 1984, ^^Pg^"^j*i'J^ 

«1IK«T9 olhat Uian that of tha pwiitat* ^^JK^ *i^Vil?S!iJS 
do fto. r av 10-5M Inhibltod »H« ro'rth of MCF--7 and T47-r turner 

^Ul-^it™?i Chalflone d«rl»*HveB ulrful S^^^^nijejppo^** 
af tunor U«8u« antl their on»paT»tian. BdwaEOs, MlCtiAM u. 

2irS«»?*S.i^W-W38i7M lCLA6lKayi35), 02Nmr l98a 
Ufl Appl 09 Apr 1987; 15 pp. Chalcoot derfva. I - 
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J3-3.0locl-^n-erKio-2 ol ktt bttn Bcownpjishad, uWtfpcrailaf • 
contrullfid oaa rtACtiuo and sluborabon «f tht ttr^ppenrtaga via Jvlw 
OHiDllr^ M key slept, , * . ,^ r- , p j. 

n^. llMWx Tottl aynltoii eolntick Mad. Corey, E. J.; 
WrbtK Stephen W. [Ocp- Chem.. HaprirJ Urtiv. CMnbrWB«r MA 
02iad OSA) J. 0;^. rhefn. im 5»i fi), 1670-3 (Bob).. Cotneteta 



acid U) b<» been »ynlh«aiHd f«om cycloocleiw and HKimM. |Cey 
9tepfi In Ch« tynthow <»f I IncJvda fpnttfltkn of Owitvnl Ktor IT 
»nd tit (kuxy^eiMliun vU kU eiuil phveuliati aad AlEta, under Pd 
cataiym form Uif crit divinyl echtr lu wnit of L 

II? I lS4>ty Sluiy of the oobaIl(ID-^*yd"wyntToiU! cajaplet 
M*li»«v.D.; RtdovicTL ilraL Phvs. Chen.. P harm. 7ik:. Rel6nid«, 
Yiuoslavia). Pfwr/mui* IMI. 44l7). 496 (Gw)^ The lilld pmpd. 
ti 4 1:1 oumptex with an absorption mtix, ut 415 am ind a loe 
stabHi^y coDiL of 9-7t8. U caa bt uied co deu S-hydioocyflivuirt At 
K IO-< mvi L'l <n tht; abnenca of Inttifirbr 

112: 1 W»z Reaction «f low-*aloiie« titamuJa <UtaMuni tct= 
ri«h}oHda/zio<;) with cvumaHni. Tens, •luncalv Zhou. Zhiwlm; 
Chw, Wtiaiis (P*p. CShcm^ Nanjing UnJv, Naiuing, Peoix Rep. 
Chbu). //mow 1'on|6v9 IflW, (6), S7-9 (Ch). TraiUnx 
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H, Mi) wich ncyzn m HIP v^ve 
Lu.Ytxtazi; Qln. 



eoumarini I d. R«. 

112; imSfe Syolhasw »f o-tuphthaflav.^ ^ . . ™. 

Muipin^i Zhiny. l-lnr Canxinj UK MwEihen (Coll 
l>harm^L Be^uK Mid SdL, Wjtafc Peup. Rtpi Cbma^.^ /'"ajwe 
roi^&oo 1 39^*41, ^ ChjrnVaaUnir chalcooea I Ut. ft*, R> 




- H. OH. OMc) whh coiKd- Hi^BOi sod mmCbb in DMSO at \W> 

1 1 2: 1 1849fb .Syathnh af ZJMiinotbylpaanJca. Tnng, Zenoliou; 
Wu, Kun: Dai, thanphi; iX Lu {IwL Ruiial. Mld.» Acad. Mrt. 

BffiiiPC Heop, Hep. China). Z^iMigBuo Yiyao Oongyt Z^*ht 
igBa^ sS(6>. 24!V-T iCh). The &yntbetfe route of ZS-dimethylpwrdlan 

Mb 



4-M«tky)-^Uyi-7-bvdmiOrOAumartL III), the key 
I prepd. frura rttpncbwH by T * 



U) i» dcacribad. . ^ , , i ^ - . 

tnteictediaie. wbs prepd. frum rttQirbwil by Z djnersnt procoMie$. 

11!^ Itft498c Syntbcm of dracorhodim Gao, V/enfeng: Zheng, 
Hobs: Wang. Yushaxiy; ZKasg. ZhihoAfc La. Jiangdioan; Zhang, 
Sboulaas U>ep 0«. Cbem^ Shenyang: <>>ll Phijrt., fibeoj^, 
Peop. Kep. ChitMtl Zhorrnvf^ W>fw Oon^ Zazlu 19W, 20(6), 
24?* £0 TCh). 'i'hfl tiUe compd. (I) und ita porobhrniU ttit were 



M 2: 1 ! bSltx dynlhefle ud bh>loficml •vmlvaHan of ^hlpro- ^ 
(-4:aHkaoepbeni co»IH>Qiid9, MBtaukinna, Jku(^ Yoahi^, fihigaoj 
Mocbidy, Kenidii; HusbiinoUn Yuldo: Saig. Kivoahi; Okadii.Ryo; 

Michik Japan 194). ^hff7i./%«nTv'Bu^ ?W9, ^123^44 
<Eng). The a~cWofn-l-«rbaC«phim nucfcu* was prepd. for the fint 

lira? frmn a 3H-1 -caibaW^w etwnpd. via addn. of R^H. ocddn, of 
Bulfklft CO fullbvUe, a-chluriution of |h« eulfoeodo, nnd BUounation 
«f pbenybulTuik ♦chL The 2 /I Ma analo« wii •hnilwrly prepd., but 
the 2ft Me analog w«» nOt nhtaliicd. Dpttoal molo. of Che 
H-chlo«0 l*«ajbftcepheta} was achie>vd by using pMuciiUn acWaM- 
Thusy the 7-}ihonyUceui&ldo deriv. was cnintlnat lectivtly bydrol>z«(l 
to ilrMd the opCicaDy woXi^ 7-aoioo-3 chLorv-I-carfaAOiphem- 
Cerba/eefMioi ill (he carbatxphero an^ of eeMof, waa dirocUy 
and cfRdently prepd. by enrymic phen>1j(lycyl«ti«l of die rapraic 
7-un}hA *3*«hluro>l-carbace^h*zn by uwng iininQbitiXM ptotcirnn 
Boylal*. J ohibiiod coniparaMe aotibe<t«eial aetivi^ againsl ifiOft 
gram-poa. baUeria tested and higher. aetivHy ogajnat trpioi^ 
iiurneg. baaefia than vcfodor. Moreover, I poueMed nmariabiy 
hieh (hem. ttebiMty. . ^ . . . „ ^, 
H2:ll««fly A iio?t) acihod for ganaratioo Of ♦n*U«ibJt 
N-<Uij«e<Kylsflyl)aldi]ainfia atid applleatto to/SMaotaW nyntbeils. 
Uyehaia, Tadao; SoeuH. Cchiw; Vamumoto, Yoihioorl (Dm, 
ChJrtD.. Tohoku Univ., SewM Jw»n 9«0)- TetnUtMdron Utt, 19^. 
- - * ftCRNSiMes IR ^ " " 



pretnl. In 6 8«p« BlafUng ftom 2,44- lHOjjC«H:COiH. 

112: llfMBdd RagSoKJcctlve eleavofso ef the oethylenedloay 
granpr oonv«rsioa of (-V-'uitrohaillnian-S to (->-dihy<U>aittliarttSc 
acid. Rbo. Koppaka V.; ChaOupadhyAy. SujiJl K. (Coll Phaim., 
Univ. Flufida, t.ilnesviUe. KL S'AlO USA). J. Or$. Cf^m. lOM. 

l4l!T-4 ifiofff. The mcthylcncdioty group was ealtoiviW 
ileaved to a mi*(buxyphenol lhmu|h the we of a p-melhyllhiopheoo»dv 
ion. When thift procedure was appned Vo a Ugnio deriv. lueh aa 
(-)-OUfltroheilignan-^. the raaction wbs regingelectivo. and the 
intcrmmliAU thiivacvial VM>u1d be cunv^rt«d t« a catechol, or 

Sartlpulatid to vield ollher one of the Iwy P^^albJe nethonyubiDolfi. 
f Ihv iwv iMmen. 1 woa idenUuil wfih (-Hlihydroi^ialareih: odd, 
which M alM i»Ml«ted for the firai tiaie from Saururut un\W9- 



snisy). 4S7$-B (Engl 



> Bf>, IMe. Ph. CHMaBt. 



CHtOCHtPh. CHiOMa, C(OMe):OTrf wo» g2!!KS«? i^ffi 
(SiMeih end ELi and werv tmtfid with RiR>CUCOtBt (^^ - » 
Me; Ri » CHMfi, Ht, R» HMo glvv axelMtaones I. I <Rf - El, Hp 
« H) w«r» vbta^nMi «s a nii«L of iBfiSDor«. 

112: llS602a Oh«mi«(ry of O-dllyUtod kc^eno aeacnis; a 
ayntheii) of /S-lactam aatibiotfca. .Kita« YiiBuynki; Taiaura. 
Oaamu; .SKIhau. lOono; MiJd. TaVMht (Pac PhamL 8oi.» U»ka 
Univ.. Suite, 4mn £66). i/. Ckem. Sor» Pgrkin TrvM. I 1969. (tO), 



CHThs; " H, Me, Ktl react « ith MeOCC^aJOSlMs^Mos to aivo 
the 4-p»«aj'lthi«7etIdhi-2-wc9 I iR* = SP^ K> ■ R. Q(MeiCMei). 
^<h are converted into I (R« " ClhCOsMe), known Di«cuiKn of 
variOOft lypei of oirhapenem antibtoUca. 

112: limSa Novel eyntheyfo ef vlnylk; capheiti lynamtt. 
Ko. Vouo; Kua, Kooybvm; Oh, Jaf« Hoon: KiiO, Mmq 

H\ran: Kim, Wen J»> (Korea Rca. Iratt Chenv TerfanoL Dwdeog-Doj^ 
aai-Wa & Ko«*). tull. K(fr^.an Cheat. Sue l9Bk 



(Wag). 
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The 3^onnyl-^-<eph«ni I (R » CHO). tfvaUa^ from 



Oo^Cneb* I 

7-iiminocephalosporanic acid, his been converted to C-;j viwyWc 
oaphems I (K » CH£H% (£')-CH:CHMe]. The n»cuona in>i4v«d 
8?« the Crigoaid addn. uv t (R • CHOI, the vonvcrdon of the 
to meaylaut, and the etimlnatlon of th» BMsyl ^Kaip 

%12: \\9SHb tha cff««t of tho CBrboj<y gxoap on tha'chcwteal 
and ^kctnniase rcaetlvtty «f jlf-laccam antthiotjca. Laws 
Aadr^ttf P.; Page; Michael I. (O^ Ctum. Phy|. SeJ.. Iluddecafield 
PcrWtech., HvJSenneld, UK HUl 3DH). J: Chem S/k-., Perkin 
TWiw. 2 tm (10)> 1fi77 81 (EftfJ. Kinettc ^*Tamata» are 
pnoHiOOitN. ( 
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Id^AppL 88/^968, *Ti,v 1886; ^.^ 

w TiolyKydrw akiL 1-60% bj wt Onlnaan Oeaw of deaoeWUbjm 
»l) (tfig)^ =>L IW and ^6 Ucrfc add, 

S^d the tSul Y^. w«, iKij«»wd to 300 mL ifaH ^» 

dutasufUttTfbr ft h Ui grw cWt«an obmwwMTW^ A waM-W-OII 



ffmubtrai ouaitg. 4% by wt. of Ih* 



alVi for tfcaiiiif VbUA Jiwp". L a^?^ /f? 

A6lK53/30>, 0BMiylM8, U3 ApplWi^M* 28Ck*l9Wt W pjfc. 
n» m R» 



«•« il»o Ait 




Axri PhKpIa AHCi) &r, OfTei;. DB ?,74^B (Cl. 

ABIK3V55K 2R Jul 1988. DB AP^^3,TOL2«7. ITJtol^OT^ 10 j» 

tl ^- rnfandU* Of tWir *dd adda. calU. tbcJybVod Owm jjf u^iim 
plw WM inCSihsUd in 'fyxuJ* tain., siiflpendod Ip piW^St ^ K« 
pmtwBS laiujon; l>^* iobibition qI «piim» (ft) wtth iewcct> 
UDinhltattd Watamiiw indwtxi «pa»ir* to Bje*«ij»d. A ainU)tn«tKB 
of aOOl Mfi/mL I-Ha and 60 ufl/ml. U lnhihiwd ««« tlUci 

0r»&ulite wai mii«i with IlHaO 900. miisroowrt. wRutow IBO^ 
modiii»a ««ch (5i«cJi 1500) W.t, SiOj 0.9 



to titk compw., useful for tttattn^ Dotijq. I^*"?"£°*»J^ 
R W Uwv acyl; RHR» a«^R'» - H. 1ow« ittyj 



L 



Thft 

oNbi;«)mA tnd BarcofnA-ieO fofed t^niOTi growi te mk», by to«iICAl 
appUea^on » punctured cumon, Almuet aU of the tonon 
dIcmoivBtratod a^nWctnt decrea** hi liie or compteteiy 
eUminftttd* , • *_ 1 a 

UO: limna Pbu«tt«atttloal eoiaportaoas mtAimff lysiiw 

LmaSSc SynUrtlAbo A.) E«r. Fai. Appl. KP X7l,8M (CI- 

^. Lytine'aoeWUiillcyUiW U) * *'*5'?j!f*"* H 

ShfpanocyUMda. tv. aamlBiiUaaon «f 3-*^«low* yf fiOO wg I 
oP^vlittd la human* tbo iinfWmg and pifn iwOrf. vidi dnpanx^tMb. 
A tooiulATtMi oimpriaed I, rX9 and gJjfoiiw ai g. TY» Emulation n 



ZSwi is pp. thli Cff^ 





= )o««r ilkenyl, dorwd fine todioatoa douWe boDdj irf»a R> U 
£Arbu»yBlkyl dottod Une indiot^Ui daglc bond) and tbth adto 
effecUvA U bwin perfarmincf •cVvataa. CijwUc^^ U 
fiOO Bad filiKaata 10 mg crarc prapd. iodlcatad ibal u «fc fiO 
BgAf ^v. acti%«ted braui parformance ia o^ts. 
110;»|g23r II«»atolop«»l dnifg wta^inittf we«pW«l 



Inatitnte of TMhnoUjey) POT Appl. wO W M^aO IC3. 

An eniigan JtJivenr 6y>U» d dwoCbtd whicfauti^ !jfi?**2Sl% 
poiymcr with ffood mech. propavtwa m cO««dMiatipB witb o matwiai 
atimidatint the innnonft aystcm. Thn nattnttl having 
activity nwvbo a pofcnoet deerda. pioduCT OT jm o^jovmi M»ich fe 
contaioed Mrfthin or baind » tha jwlymar. Tta polyroer may ba 
foHMd fiom tywyu^t ^dJptptkies. TW* p<*raM la not An •4Juv«M. 
but dttndci fttto product! whkh lUmuUta tlia Iznnmt iyit«a. T)M 
adv^magea of this ly^taia are that a polya^ can he wad 'iffinna 
blodegEwlabk tot^alatiyBtartiAlch uwfcd b» hoih u ImpiantaWa 
KMirce BO uitigfit or otbar bioL astl«a cMnpda. and at a control 
aeoM for the Tate of ralaua Of tha bioL actnw «0<«pd^ producmg a 

stimuladon of the miinuiH tnptave. /«>»-Tyr4y-Hea (CITO 
Chi boDzykflcycaibonyl; HeiJ « haxyl) (prepn. givw) wai t^tad 
wUh CNBt to fom tha dicy«nato, wbJch was mJisd witb an 
aaionMlai <juaMlty of CTTH aad tha mixt. polyrtd. to tho preaanoa 
7 KOBo-tert to ilva poly<CTTH4mfnocaifeo*»^^^ wt 
19^ whkh had ail Ifttlinik viacowty a27 (OM^MM^-ing 
pflxticulota Misp^ntiotn. the dc«pdiw producht of po^CTT'BHiRino» 
cazbouatf) wera aboiwo tO ha a> pnteni aA Jmvul aa oanpma 
rrtund'h tdjuvant and muramvi dipttAJda when tha aartMa antibody 
rMpanti to howloe aaroa alfcmdii lllfiA) lo taala CD-I auoa fc 
meUurad OW «} Ti't Puflhar, B8A «*«««lfrjtt ^[1S^?4 
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SUMMARY 

A highly efficient prokaryotic expression system has been developed that produces protems at levels 
exceeding 150 /ig/ml of culture medium. The system consists of a temperature-sensitive-copy-number plasmid 
that carries the rop gene and promoter downstream from the trp promoter. Any sequence cloned into the Pvull 
site of the rop gene alters Rop protein activity and causes lethal runaway plasmid DNA replication. This plasmid 
replication can be suppressed in trans by complementation with a similar wild-type plasmid. Cells harboring 
both plasmids are quite stable, and induction of plasmid DNA synthesis occurs only after cells are grown for 
several generations under conditions that lead to the loss of the trans-acting repressor. Large amounts of 
Rop fusion proteins accumulate in the cell as the trp operon is gradually induced via repressor titration. All 
chimeric proteins accumulate as insoluble aggregates, and are therefore easily purified. They can be solubilized 
using relatively mild conditions, and the partially purified proteins are highly amenable to cleavage by chemical 
methods. Using this system we have made Rop fusions with the HIV Tat protein, the herpes simplex virus type-2 
38K protein, and Chinese hamster metallothionein. 



INTRODUCTION 

Rop is a 7.2-kDa, 63-aa plasmid-encoded protein, 
which acts in concert with RNA I to negatively 
regulate copy number in some ColEI and ColEl-like 

Correspondence to: Dr. R,CC Huang. Department, of Biology, 
The Johns Hopkins University, Baltimore, MD 21218 (U.S.A.) 
Tel. (301)338-73 14 Fax (301)338-7733. 

Abbreviations; aa, amino acid(s); Ap, ampicillin; bp, base 
Pair(s); Cop", temperature-sensitive copy number; dNTPs, the 
^"'"r normal deoxyribonucleoside triphosphates; GuHCl, 
8"anidine hydrochloride; HIV, human immunodeficiency virus 
(also HTLV-III); HSV, herpes simplex virus; lAA. iodoacetic 



plasmids. The protein was named *rep'ressor of 
primer', or Rop, because of its ability to reduce 
jS-galactosidase production to background levels 
when the lacZ gene was placed under the control of 
the replication primer promoter (Cesareni etal., 

acid; kb, kilobase(s) or 1000 bp; MT, metallothionein; AfT, gene 
coding for MT; at, nucleotide(s); OD, optical density; on, origin 
of DNA replication; PoIIk, Klenow (large) fragment of E. coU 
DNA polymerase I; ^, resistance; Rop, repressor of primer 
protein; rop, gene coding for Rop; SDS, sodium dodccyl sulfate; 
Tc, tetracycline; Tris, Tris(hydroxymethyl)aminomethane; YT, 
see MATERIALS AND METHODS, section e; [ ], designates 
plasmid'Carrier state. 
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1982). Subsequent research has shown that Rop 
influences plasmid copy number by enhancing or 
modulating the bmding between RNA II, the primer 
transcript, and RNA I, a small anti-sense transcript 
of RNA II (Lacatena et al., 1984; Tomizawa, 1986). 
The binding between RNA I and RNA II leads to 
transcription termination, thereby preventing DNA 
synthesis at the ori. Because of the modulatory effect 
of Rop on this RNA-RNA interaction, some 
researchers refer to this protein as Rom ('RNA one 
inhibition modulator'; Tomizawa and Som, 1984), 
For a review of how Rop functions in controlling 
plasmid copy number, see Davison (1984) and 
Cesareni and Banner (1985). 

We became involved with the Rop protein while 
attempting to overproduce Chinese hamster MT in 
bacteria. The Mr gene was placed under the control 
of the trp promoter and then transferred to a highly 
amplifiable Cop^ plasmid. We found that cells har- 
boring this plasmid not only produced the MT 
protein, but also produced another different low M^. 
protein in large amounts. A computer search of the 
amino acid sequence identified this additional pro- 
tein as Rop. 

We have developed an expression system that 
takes advantage of this high level Rop production. 
This system utilizes a combination of the rop pro- 
moter and coding sequence, the trp promoter, and 
increased gene dosage via a high-copy-number 
plasmid. The successful application of this system to 
the high-level production of HIV Tat protein, HSV-2 
38K protein, and Chinese hamster MT is described. 



MATERIALS AND METHODS 

(a) Materials 

Restriction enzymes, T4 DNA ligase, polynucle- 
otide kinase, and PoUk were purchased from New 
England Biolabs. Restriction enzyme digestions, 
ligations, and polymerase reactions were performed 
as recommended by suppliers or as described in 
Maniatis et al. (1982). 

(b) Bacterial strains and plasmids 

Escherichia coll K-12 strain HBlOl {pro^ leu, thi, 
lacY, hsdR, endA, recA, rpsLlO, am- 14, galK2, xyr-Sy 



mtl'U supEAAt) was used in all transformations. The \ 
plasmid pEW2762 was a gift of Drs. E. Wong and | 
B. Polisky, The plasmid pPS21 was a gift of Dr. C, 
Yanofsky. Plasmid pCV-1 was a gift of Dr. R. Gallo. 
pCHMTI was a gift of Dr. C.E. HUdebrand. Dr, 
Laura Aurelian kindly supplied the plasmid pJW7. 

(c) Constraction of pBR322trp 

The plasmid pPS21 is a pBR322 derivative 
containmg the trp promoter and trpE gene. A 0.5-kb 
jffwfl fragment containing the trp promoter and 
leader gene was isolated on a 6 % poly acrylamide gel. 
This fragment was subjected to a partial Taql diges- 
tion, and the resultant fragments were ligated into the 
Clal site of pBR322. Qones were selected that 
contained a 232-bp insert (containing the trp pro- 
moter sequence and the ribosome-binding site) and 
a regenerated Clal site immediately before the 
HinAlll site of pBR322. pBR322trp has trp promoter 
transcription in the direction of the Tc*^ gene 
(Sutcliffe, 1979). 

(d) Construction of ra/i-fusion plasmids 

The fusion pRop-404 was constructed by ligating 
the 404-bp Hpall fragment from pBR322. The frag- 
ment was made blunt-ended by fiUing-in the CC 
overhang, and was then ligated to Fvall-digested, 
phosphatase-treated pPGtrpRopAp. 

pRop-MT contains a fusion with the Chinese 
hamster MT-I gene. The starting material for this 
construction was a 288-bp fragment produced by an 
^vall + Hinii digestion of the plasmid pCHMTI 
(Griffith et al., 1983). After ligating Clal linkers the 
fragment was inserted into pUC9 (Vieira and 
Messing, 1983) at the Accl site, and both orien- 
tations were obtained. The pUC9 clones were 
restricted with EcoYCL + /fwdlll, and the resultant 
326-bp fragments were fiUed-in and ligated to 
pPGtrpRopAp. 

pRop-Tat contains a fusion with the entire co- 
ding sequence of the HIV rronj-activator, or tai 
gene. To obtain the tat gene in a form suitable for 
fusing to the rop gene, pCV-1 (Arya etal., 1985) 
was digested with BamHl + Sail to obtain a 356-bp 
fragment. Digestion of this fragment with iSaw3A 
produced a 279-bp fragment that encoded the en- 
tire tat gene except for the first four aa, Met-Glu* 
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pro-Val. A synthetic adapter with the sequence 
.,^CTGCATGGAGCCAGTA made that en- 

5 GACGTACCTCGGTCATCTAG ^^^^ ^"^^ ®" 
coded Cys-Met-Glu-Pro-Val and supplied aa 52 of 
Rop (Cys) as well as the missing four aa of Tat. The 
unphosphorylated adapter was ligated to the 279-bp 
Sau3A fragment to form a 315-bp blunt-end frag- 
ment which was phosphorylated, and ligated to the 
expression vector. 

pRop'Herpes-38K encodes a fusion protein with 
the HSV type-2 38K protem. The plasmid pJW7 
contains the entire coding region of the 38K protein 
which was excised from the plasmid by digestion 
withiVcoI + Xbal.The 1.0-kb fragment was isolated, 
filled in with Pollk and dNTPs, and ligated to the 
expression vector. 

(e) Transformations and cultivation of cells trans- 
formed with expression plasmids 

HBlOl was made competent for transformation 
with pPGtrpRopAp and pPGtrpRopTc by the 
standard CaClj procedure (Maniatis et al., 1982), 
except that cells were cultivated at 30**C after the 
heat-shock treatment. Ap arid Tc were used at con- 
centrations of 100 /ig/nil and 10 /zg/ml, respectively. 
YT medium (Miller, 1 972) consisted of 1 % tryptone, 
0.5% yeast extract, 0.5% NaCl, and 0.1% glucose. 

The host HB 101 [pPGtrpRopTc] is HB 101 trans- 
formed with the vector pPGtrpRopTc, the helper 
plasmid which was used for the isolation of plasmids 
containing fragments inserted into the PvmII site of 
pPGtrpRopAp. A 100-fold dilution of fresh over- 
night culture of HB101[pPGtrpRopTc) (grown at 
30'*C in 10 /igTc/ml) was made in YT medium (5 /zg 
Tc/ml), grown to mid-log phase, made competent, 
and transformed in the same manner as HBIOI. 
After the heat shock the cells were diluted with 100 
volumes of YT medium and incubated at 30°C for 
30 min; Tc was added to a concentration of 7 /ig/ml. 
After an additional 2 h of incubation, Ap was added 
to a concentration of 100 /xg/ml, and incubation was 
continued until saturation was achieved. After 
appropriate dilutions were made, cells were plated 
on YT plates (100 ^g Ap/ml, 7 /ig Tc/ml) and incu- 
bated at 30^ C to obtain individual colonies. Colonies 
were inoculated in 2 ml YT medium containing the 
same antibiotics and the DNA from these doubly 
^ansformed cells was extracted (Bimboim and Doly, 
1979) and analyzed to determine the proper struc- 



ture. Double transformants were stored in glycerol at 
-20 °C and used to make fresh starter cultures for 
fusion protein production. 

(f) Protein quantitation and amino acid sequencing 

0.1% SDS^15.5% poly acrylamide gels (Laemmli, 
1970) were stained (0.2% Coomassie Brilliant 
Blue/50% methanol/12% glacial acetic acid), 
destained, and scanned using a Kontes Model 800 
Fiber Optic Scanner; peaks were quantitated using 
a Hewlett Packard 3390 A Reporting Integrator. The 
Rop protein was sequenced by Applied Biosystems * 
(Foster City, CA) after purification of the protein by 
hydroxyapatite chromatography. Fragments ob- 
tained from chemical cleavage reactions were sepa- 
rated on the same gels, electroblotted, and sequenced 
as described by Hsieh et al- (1988). 



RESULTS AND DISCUSSION 

(a) Construction of the rop expression vectors 

The steps involved in the construction of the two 
Rop overproducers are detailed in Fig. 1, The 7,3-kb 
plasmid, pEW2762 (Wong etal., 1982), was the 
source of the Cop" phenotype of both Rop protein 
overproducers. This plasmid contains two mutations 
in stem-loop IV of the primer transcript, or RNA II, 
that cause elevated copy number when cells harbor- 
ing the plasmid are grown at 42 ^'C (Wong et al., 
1982; Wong and Polisky. 1985). RNA I is thought 
to exert its negative control on copy number through 
the interaction its stem-loop structures . with the 
stem-loop structures of the primer transcript 
(Davison, 1984; Cesareni and Banner, 1985; Wong 
and Polisky, 1985; Tomizawa, 1986). 

We first noticed the overproduction of the Rop 
protein when the trp promoter was cloned upstream 
from the rop gene and promoter, which were located 
on pEW2762. To eliminate nonessential DNA and 
reduce multiple restriction sites, a smaller version of 
pEW2762 was made (pPGRop) which contained a 
single Fvull site in the rcj/T-coding sequence. The ori 
and copy-number control elements of pPGRop were 
combined with the trp promoter elements of 
pBR322trp to produce pPGtrpRopA. This combi- 
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Fig. 1. Construction of expression vectors pPGtrpRopTc (helper plasmid) and pPGtrpRopAp. pEW2762 was digested with BstEll and I 
a l.l-kb fragment (containing the rop gene and ori) and 3,0-kb fragment (containing the regions coding for RNA I, RNA II, and Ap^ 
were isolated and ligated to form a 4.1-kb plasmid (pEW2762dl} containing two BstBU and two /Null sites (structure not shown) 
Cleavage of this plasmid with PvuU + EcoRl, followed by blunt-end ligation {EcoKl ends made blunt with Pollk and dNTPs) of the 
two larger fragments yielded pPGRop (3.7-kb). pPGRop was digested with PstJ + 5jmHI, and the larger fragment (2.8-kb) was ligatcd 
to the smaller Pstl-BamUl fragment (1.4-kb) of pBR322trp (construction described in MATERIALS AND METHODS, section c)to j 
produce pPGtrpRopA. the expression vector pPGtrpRopAp was produced by elimination of the EcoRI site near the trp promoter. » ; 
facilitate fbture constructions. The plasmid pPGtrpRopTc is identical to pPGtrpRopAp except that the£coRI-^vaI fragment of pBR322 » 
that confers Tc** was ligated between the EcoKl sites of pPGtrpRopA, Heavy lines represent the coding regions for Rop, Ap*^ afl^ ; 
Tc"^. The small box at the Clal site in pBR322trp represents the trp promoter sequence. Restriction sites important to plasmid 
construction are shown; some sites are not labeled but are represented by a bar. Arrows denote the direction of transcription 
various genes. Dashed arrows denote the direction of transcription of RNA I and RNA II. ori, the origin of DNA replication. 
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Fig. 2. 0.1% SDS/16% polyacrylamide gel of overproduced 
proteins. Lane 1 contains cells from Rop overproducer HBlOl 
[pPGtrpRopAp] after induction in M9 medium (proteins from 
ISfil of culture). A 1000-fold dilution of an overnight culture 
(grown at SO^'C in YT medium containing 100 ^g Ap/ml) was 
made in 1 liter YT medium (300 Ap/ml) and incubated at 
39**C for 18 h. Cells were pelleted and resuspended in 1 liter of 
M9 medium (Miller. 1972) which was supplemented with 0.4% 
casamino acids, 50 fig 3^-indolylacryIic acid/ml, 300 /ig Ap/inl, 
and induced for 18 h at 30^*0. After pelleting and washing, the 
cells were subjected to a pcriplasmic extraction as described by 
Neu and Hcppel (1965), Lane 7 represents the periplasmic ex- 
tracted proteins from the same number of cells as lane 1. Lanes 
2-6 contain total SDS soluble protein (25-30 pi of culture) after 
induction for 40 h at 30'C The inductions are arranged by 
<tecrcasing A/, of the fusion proteins in the order Rop-HSV 38K, 
Rop-Tat, Rop-MT. Rop-404, and Rop-MT(opp). Induction 
growth was initialed by inoculating 1 fil of starter cultures (see 

Materials and methods, secUon e) in so mi YT 

medium (500 fig Ap/ml). After incubation for 40 h at 30" C, cells 
*«r€ pelleted, washed in 20 mM Tris (pH 7.8), lysozyme treated 
00'® cells/ml), sonicated, and insoluble fusion proteins 
recovered as described by Kaplan and Greenberg (1987). Lanes 
^-12 contain GuHCl solubilized fusion proteins from the same 
number of cells as represented in lanes 2-6. Prior to electro- 



nation of fragments placed the trp promoter about 
500 bp upstream from the rop promoter and coding 
sequence. The plasmid pPGtrpRopAp (4.1 kb) was 
the vector used for all gene fusion experiments. It 
contains a single PvmII site, confers Ap resistance, 
and displays runaway plasmid replication when 
grown at temperatures above 37 ''C. The plasmid 
pPGtrpRopTc (3,9 kb) confers Tc resistance and 
has the same temperature-dependent copy number 
as pPGtrpRopAp. The Tc^ plasmid is integral to the 
functioning of this system because it supplies Rop 
activity to cells transformed with lethal runaway copy 
number rop fusion plasmids. 

(b) Rop protein overproduction in the strain 
HB101[pPGtrpRopAp] 

Maximum production of Rop protein was 
achieved by furst growing the cultures overnight at 
39-40'*C in YT medium. Under these conditions the 
trp promoter is partially repressed and cellular plas- 
mid DNA levels reach 15-20 /ig/ml. After centrifu- 
gation and washing, the cells were resuspended in 
M9 medium containing 3jJ-indolylacrylic acid and 
incubated at 30''C. This second incubation was 
under conditions that favored total derepression of 
the trp promoter but did not favor runaway plasmid 
replication. 

Fig. 2 illustrates the results of this two step proce- 
dure when applied to cells harboring pPGtrpRopAp. 
After plasmid amplification at 39°C and protein 
induction at 30 ^ C, Rop protein accumulated to 3 1 % 
of the bacterial protein shown in lane 1. Even though 
Rop is not post-translationally modified, more than 
85% of the Rop protein was obtained by a simple 
periplasmic extraction of the pelleted cells. The Rop 
protein obtained in the periplasmic extract (lane 7) 
was determined to be 81% pure vwth less than 5% 
of the protem remaining in the cell pellet (not shown) 
after a single extraction. 

An interesting feature of this protein production 
system is that Rop is practically the only protein 
labeled if the isotope is added after overnight induc- 



phoresis the GuHCl was removed by dialysis against water. After 
lyophilizaiion the proteins were dissolved in sample loading 
buffer (Laemmli, 1970). All lanes contain proteins from 2 x 10^ 
cells. Gel was stained as described in MATERIALS AND 
METHODS, section f. 
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tion in M9 medium. This selective labeling was quite 
useful because the entire labeling reaction could be 
used as a radioactive marker in large scale purifi- 
cations or other manipulations. 

The weight of cells processed from this induction 
was 7.8 g or about 1 liter of culture at an OD^^q of 
4.4. Periplasmic extracts shown in lane 7 gave values 
of 190 ^g/ml using the Bio-Rad protein assay (stand- 
ard No. 2) and 300 ^g/ml using gravimetric methods. 
Since Rop constituted about 80% of the extract, the 
yields were 150 /ig/ml and 240 fig/ml, respectively. 
Quantitative sequencing data showed better correla- 
tion to the 240 /xg/ml estimate, suggesting that Bio- 
Rad Standard No. 1 is a more appropriate standard 
for the quantitation of purified Rop samples. 

(c) Constnicdon of rop fusion plasmids 

The rop gene contains a PvuW restriction site that 
cleaves the coding sequence after the 2nd nt of codon 
No. 51 (AG/C), 12 aa from the C terminus. DNA 
fragments can be blunt-end ligated at this point to 
encode Rop fusion proteins beginning at aa 52. The 
aa 51 is maintained as a Ser or converted to an Arg 
depending upon the first nucleotide of the ligated 
fragment. This is illustrated in Fig. 3 which shows 
the DNA and amino acid sequences around the 
Pvull site. 

The fusion plasmid pRop-404 was constructed to 
serve as the initial test of the system. This construct 
re-established the Ser codon at aa 51 and added an 
additional 51 aa before encountering a stop codon. 
The construct pRop-MT consists of a ligation of a 
pUC9 fragment containing the entire MT gene. The 
fusion Rop-MT(opp) is the opposite orientation of 
the MT gene m the pUC9 fragment. Both constructs 
produce a Ser-to-Arg mutation at aa 51 (recreating 
the pUC9 iJcoRI site), and contain the pUC9 poly- 
linker sequence encoding the six aa from aa 52 to aa 
57. The pRop-MT plasmid encodes the entire MT 
protein beginning at aa 58 and ending at aa 1 18. The 
pRop-MT(opp) construct encodes a protein of 73 aa 
(8.5 kDa); because double stop codons are en- 
countered 22 aa from the fusion point. 

Despite repeated attempts, no fusion transfor- 
mants could be obtained when HBlOl was trans- 
formed with ligation reactions that interrupted the 
rop gene. Cells harboring pRop-404 produced colo- 
nies at 30/ C on Ap plates, but colony inoculations 



Rop protein: 63 aa; 7.2 kDa 
^Pvuii 

CGCAGCTGCCTCGCGCGTTTCGGTGATGACGGTGAAAACCTC- 
ArgSerCysLeuAlaArgPheGlyAspAspGlyGIuAsnLeu 
50 55 60 



CGCAGCGGTGAGCGTGGGTCTCGCGGTATCATT 
ArqSerG lyGluArqGlvSerAraGlvIlelle 
50 55 60 



CGCAGAATTCCCGGGGATCCGTCGATGGACCCC 
ArqA rql lePr oGlyAspPr oSerMe t AspPro 
50 55 - 60 



CGCAGAATTCCCGGGGATCCGTCGATGAATCAC 
ArqA rqIleProGlvAspProSerMetAsnHis 
50 55 60 



CGCAGCTGCATGGAGCCAGTAGATCCTAGACTA 
ArqSerCvsM etGluProValAsDProArqLeu 
50 55 60 



CGCAGCATGGATCCCGCCGTCTCCCCCGCGAGC 
ArqSerM e t AspProA la Va 1 Ser Pr oAlaSer 
50 55 60 



Fig. 3. The nucleotide and amino acid sequences at the fusion 
points. The last 14 aa of the Rop protein (Cesarcni et al., 1982) 
and the 1 1-aa region surrounding the points of fusion are showa 
The underlined portions of the aa sequences denote the extent 
of uninterrupted Rop sequence, and the arrows above the nt 
sequences mark the points of ligation. The numbers beneath the 
fusion designations denote the number of aa in the protein and 
the calculated size in kDa based upon the reading frame estab- 
lished at the point of ligation. The Met's at aa 58 in pRop-MT. 
aa 53 in pRop-Tat, and aa 52 in pRop-HSV 38K mark the 
beginning of the aa sequence of the native protein. 



in YT medium yielded cultures that produced barely 
detectable growth after 48 h at 30**C. No colonies 
were obtained with either MT Ugation. The same 
results were obtained when the fragments were 
ligated to pPGRop. Since this vector does not 
contain the trp promoter, protein overproduction 
was probably not the reason for growth inhibition. 
We suspected that the combination of Rop inactiva- 
tion and the replication primer mutations caused 
lethal, imconditional plasmid replication. 

We constructed the vector pPGtrpRopTc to see if 
the presumed runaway replication of the plasmid 
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could be suppressed by supplying functional Rop 
protein activity to cells harboring these fusion 
plasmids. This strategy was used by several investi- 
gators to identify factors, carried on co-resident plas- 
mids, that suppressed certain runaway-copy-number 
mutations (Shepard et al., 1979; Twigg and Sherrat, 
1980). When the host HB101[pPGtrpRopTc] was 
transformed with the fusion ligation reactions 
{MATERIALS AND METHODS, Section e) and plated 
on YT agar containing both Ap and Tc» colonies 
v^rcre obtained after 18-24 h at 30° C Plasmid DNA 
extracted from cultures of doubly transformed cells 
(grown m both antibiotics at 30**C) showed both 
plasmid species in about equal amounts and at nor- 
mal levels (approximately 500ng/ml). Small 
amounts of the fusion plasmids were isolated on 
agarose gels in order to eliminate the helper plasmid. 
No transformants could be obtained when usmg this 
DNA to transform HB 101. This result confirmed the 
lethality of these constructs and illustrated the neces- 
sity of using the trans helper plasmid. 

(d) Production of fusion proteins using doubly trans- 
formed cells 

After several unsuccessful attempts at producing 
plasmid amplification by shifting the culture tem- 
perature, we found that simply diluting doubly trans- 
fonned cells in YT medium (30** C) containing only 
Ap resulted in the gradual loss of the helper plasmid. 
The trp operator was gradually induced via repressor 
titration as fusion plasmid DNA levels increased, 
and fusion proteins accumulated to high levels. 

Fig. 2, lanes 4, 5, and 6 show the results of the 
growth and induction of cells harboring pRop-MT, 
pRop-404, and pRop-MT(opp), respectively. The 
prominent protein bands (arrows) show good agree- 
ment with the predicted for these proteins, and 
the average accumulation was 20% of the total bac- 
terial protein after 40 h of growth at 30 ''C. Rop- 
MT(opp) appears to be about the same size as the 
Rop protein in lane 7; however, its higher was 
obvious on peptide mapping gels (Jue and Doolittle, 
1984). 

To confirm the general applicability of this protein 
production system, two additional constructs were 
^dertaken. Fusions were made with the HIV Tat 
protein and the HSV type-2 38K protein. The Tat 
protein was chosen because of its importance in the 
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study of the HIV disease process (Aldovini et al., 
1986; Muesing et al., 1987) and because of its simi- 
larities to the MTs (Frankel et al,, 1988). The HSV 
protein was chosen because of its sequence 
homology to the small subunit of ribonucleotide 
reductase of several pathogenic viruses (Gibson 
et al., 1984; Swain and Galloway, 1986), We also 
wanted to determine if there was a size limitation to 
the high level protein production. 

Fig. 2, lanes 2 and 3, shows the" result of the 
growth and induction of cells harboring pRop-HSV 
38K and pRop-Tat, respectively. Prominent bands 
of the proper (arrows) are obvious in these lanes, ' 
and the accumulations of both were about 20% of 
the total bacterial protein. 

(e) Protein purification 

Purification of the fusions was necessary in order 
to confirm their identity by peptide mapping, because 
antibodies to most of the proteins were not readily 
available. To our surprise all of the fusions accumu- 
lated as insoluble aggregates and were easily puri- 
fied. Fig. 2, lanes 8-12, shows the partially purified 
proteins after sonicated cells were fractionated by 
centrifugation and dissolved in 6 M GuHCL Densi- 
tometric scans of the gel indicated that the fusions 
accounted for 65% of the protein (75-80% with 
additional pellet washings) in the extracts, and the 
average yield was 105 ^g/ml of growth medium. All 
the fusions could also be dissolved at concentrations 
of 5-10 mg/ml in 1-5 M urea or 1% SDS. These 
protem stocks could be diluted to 1 M urea without 
precipitation of the protein. We have prepared 
stocks of Rop-Tat, free of denaturing agents, in 
10 mM Tris (pH 7.0), 1 M NaCl. The Rop-Tat and 
Rop-MT GuHCl stocks are dark amber in color, 
whereas the other extracts are colorless. This colo- 
ration may be due to the metal-binding properties of 
these two proteins. 

(f) Protein identification by chemical cleavage 

The five fusions produced by this expression sys- 
tem were identified by their fragmentation patterns 
after cleavage at Met with CNBr, arid/or at acid- 
labile Asp-Pro bonds. Fig. 4 shows the results of 
some of these reactions. The dipeptide sequence 
Asp-Pro occurs twice in the Rop-HSV 38K protein 
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(at aa 53-54 and 62-63), and cleavage at these 
positions should yield high fragments of about 
36 kDa. The doublet in lane 2 (arrow) corresponds 
to these two fragments generated by this partial 
cleavage reaction. Cleavage of the full size fusion 
protein at Met (at six positions) should produce 
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Fig. 4. Oiemica] cleavage of partially purified fusion proteins. 
Lanes: 1» Rop-HSV 38K GuHQ extract; 2, Rop-HSV 38K 
cleaved at Asp-Pro by incubation for 24 h in 50% formic 
acid/6 M GuHQ at 40*^0 (Szoka et al., 1986); 3. Rop-HSV 38K 
cleaved at Met by incubation for 24 h in 70% formic acid/4 mg 
CNBr/ml at 24'C (Jue and DooUttle, 1984); 4, Rop-404 GuHQ 
extract; S, Rop'404 cleaved at Met under same conditions as lane 
3; 6, Rop-Tat GuHCl extract; 7, Rop-Tat cleaved at Met under 
same conditions as lane 3. All of the cleavage reactions were 
performed on GuHCI solubilized proteins after dialysis of the 
stocks against water and lyophilization. The dried proteins were 
dissolved in formic acid or formic acid/GuHCl at concentrations 
ranging from 1-5 mg/mh The CNBr reactions were lyophilized, 
and portions were dissolved in sample loading buffer (Laemmli, 
1970). Cleavage reactions at Asp-Pro were dialyzed (4X) 
against several changes of 20 mM Tris (pH 8.0) and finally 
against water. After lyophilization portions were dissolved in 
sample loading buffer. The gel (0.1 % SDS/16% polyacrylamide) 
was stained as described in MATERIALS AND METHODS, 
section f. The full size proteins (lanes 1, 4, 6) are marked by 
circles, and the cleavage products discussed in RESULTS AND 
DISCUSSION, section f» are marked by arrows. For the com- 
plete amino acid sequence of these proteins see Gibson et al. 
(1984) (HSV 38K protein); Aldovini ct al. (1986) (Tat protein); 
Griffith et al. (1983) (MT protein). 



several fragments. The largest fragment, beginning at 
aa 53 (Fig. 3) is the 179-aa, 20.2-kDa band marked 
by the arrow in Fig. 4, lane 3. This protein was 
sequenced through the first 16 aa to confirm ihe 
identity of the fusion. The rest of the bands clustered 
below 10 kDa and were not resolved into individual 
bands on this gel. 

Similar results were obtained when Rop-404 and 
Rop-Tat were cleaved at Met. The band in Fig. 4, 
lane 5 (arrow) corresponds to the 7.9-kDa fragment 
predicted by the nucleotide sequence. The band 
above the arrow corresponds to the 10.3-kDa frag- 
ment obtained from the cleavage of the residual lyso- 
zyme in the extract. Unfused Tat protein, obtained 
by cleavage at Met (aa 53 in Rop-Tat, Fig. 3), is 
shown in lane 7 (arrow). This fragment was also 
sequenced through the first 13 aa to confirm the 
identity of the protein. The structures of Rop-MT 
and Rop-MT(opp) were confirmed by their cleavage 
profile after treatment with CNBr. 

(g) Fusion protein induction and accumulation 

All five fusion constructs produced proteins at 
consistently high levels if the starter cultures were 
diluted at least 5000-fold. This was the minimum 
dilution necessary to achieve high-level plasmid 
amplification and concomitant protein production. 
Fig. 5 illustrates the strong correlation between 
fusion protein accumulation (5A) and plasmid DNA 
amplification (5B). Plasmid DNA levels reach 
20-30 /xg/ml of growth medium after 36 h. 

The factors that cause some proteins to accumu- 
late in bacteria as insoluble aggregates are poorly 
understood, but the factor that most of the reported 
proteins have in common is high cellular concen- 
tration (Marston, 1986). To determine if a soluble 
protein component existed early in induction growth 
at lower protein concentrations, the samples were 
separated into soluble and insoluble protein 
fractions at the 24-h and 48-h time points. As can be 
seen in Fig. 5C, no soluble (S) fusions are evident in 
the Rop-Tat or Rop-MT samples at either time point 
even though cellular levels are lower at the 24-h 
points. For accurate comparisons the insoluble 
fractions required carboxymethylation (lAA 
samples) to prevent precipitation (gel slot of Tat, 
48 h insoluble sample) or streaking (24 and 48 h 
insoluble MT samples) during electrophoresis. The 
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Fig. 5. Analysis of fusion protein induction and accumulation. (Panel A) 0.1% SDS/15.5% polyacrylamide gel of total SDS-soluble 
protein. Induction growth was initiated by inoculating 10 /il of starter culture (same growth conditions as in Fig. 2) in 50 ml of YT medium 
(500 fig Ap/ml). Flasks were shaken at 30*C and 1-ml samples were removed at 24 h (lanes 1), 36 h (lanes 2), and 48 h (lanes 3). Cells 
were pelleted and dissolved in sample loading buffer (Laemmli, 1970). (Panel B) 1 % agarose gel of supercoiled plasmid DNA. At the 
same time points as in Fig. 5A, I ml samples were removed and plasmids were extracted (Bimboim and Doly, 1979). Each lane contains 
piasmid DNA from 5 x 10^ cells (approximately 40 /il of culture in lanes marked 2 and 3). Lanes marked S contain DNA extracted 
from starter cultures. The last two lanes (next to MT samples) contain respectively 0.1 and 1.0 ^g of expression plasmid DNA. Gel was 
stained with ethidium bromide (0.5fig/ml). (Panel C)0.1% SDS/15.5% polyacrylamide gel of protein fractionation. At 24 and 48 h, 
portions of the cultures were removed, and cells were pelleted, washed, lysozyme treated, and sonicated (Kaplan and Greenberg, 1987). 
^^er the 100000 x g centrifugation, the soluble (S) supernatant proteins were concentrated by precipitation in 5 vols, of acetone, and 
dissolved in sample loading buffer. The insoluble pellet (1) was dissolved in sample loading buffer containing 5 M urea. lAA samples 
arc those that were carboxymethylated by treatment with iodoacetic acid after complete reduction in dithiothreitol (Marks et al., 1987). 
All sample lanes of polyacrylamide gels (stained as described in MATERIALS AND METHODS, section f ) contain protein from 2x10' 
^cils. or an average volume of 16 pi of culture in the 36 and 48 h time points. Fusion proteins are marked by asterisks. Herpes, HSV 
protein. 
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Rop-HSV 38K protein has very little accumulation 
at 24 h; however > detectable amounts of the protein 
are present in the insoluble extract. At 48 h 40-50% 
of this protein remained in the soluble fraction and 
was the only fusion that behaved in this manner. All 
the fusions appear to accumulate as insoluble aggre- 
gates early in induction growth and do not seem to 
form simply because of high cellular concentrations. 

These experiments illustrate the need to incubate 
cultures longer than 24 h to achieve maximum levels 
of accumulation even though the cultures were 
approaching stationary phase by this time. This 
requirement is apparent in the pRop-HSV 38K 
induction, since little fusion protein has accumulated 
at 24 h. We found that by varying the dilution of the 
starter culture, each of the five fusions could be 
fine-tuned to yield maximum cellular fusion accumu- 
lation and maxhnum culture density. We have con- 
sistently achieved protein yields of between 100 and 
170 fig/ml after 40 h of incubation at 30**C. 

(h) Conclusions 

The other Rop protein overproducers described m 
the literature utilize the A pj^ promoter to produce 
Rop at purified yields of 30-60 mg/100 g of cells 
(Lacatena et al., 1984; Tomizawa and Som, 1984). 
Yields of 2-3 ^g/ml have been reported using the 
vector pMAM7 (Muesing etal., 1984; Dooley and 
Polisky, 1987). These expression systems required 
several steps to purify the protein. We have produced 
Rop protein at levels of 150-250 fig/ml of culture 
(19-3 1 mg/g of packed cells) with a one-step purifi- 
cation. This system is therefore a powerful method 
of producing this functionally important protein. 

A large number of eukaryotic proteins that 
accumulate as soluble protein or insoluble aggregates 
using a variety of bacterial expression systems have 
been described (Marston, 1986). Several systems 
combined the features of the thermoinducible runa- 
way plasmid pKN402 (Uhlin etal., 1978) and effi- 
cient promoters to produce high-level expression in 
bacteria (Bittner and Vapnek, 1981; Masui etal., 
1983; Remaut etal., 1983). Few of these systems, 
however, consistently produce proteins as insoluble 
aggregates as predictably as this high-copy-number 
rop fusion system. In addition, systems utilizing 
pKN402 sometimes suffer from problems we have 
often encountered with high temperature runaway- 



replication: plasmid instability (loss of plasmid or 
plasmid deletions) and host growth impairment ' 
(Uhlin etal., 1978; Remaut etal., 1983). After I 
several inductions with more than ten different con- | 
structs, we have not detected plasmid deletions, ! 
growth impairment, or premature shutdown of pro- [ 
tein synthesis. 

Expression systems consisting of fusions with the 
trpE gene (Marston, 1986; Hoffman etal., 1987; 
Muesing et al., 1987) or lacZ gene (Guo et al., 1984; 
Marston, 1986) usually produce insoluble fusion 
proteins at levels comparable to the system we have 
developed. These systems utilize 188 to 320 aa of 
TrpE and approximately 550 aa of j5-galactosidase 
to produce truncated proteins with yields as high as 
200 /ig/ml. In contrast, the Rop moiety is quite small, I 
and. thus the yields of the sequence of interest are 
significantly higher, especially in the case of small 
proteins like MT and Tat. 

The expression system we have developed pro- 
duces insoluble protems at consistently high yields, 
on a scale ranging from 5 ml to several liters, without t 
temperature shifts, inducers, or specialized growth [ 
media. The cultures do not require high aeration; | 
therefore, fairly large volumes can be cultivated | 
without requiring fermentation equipment. The Rop • 
moiety did not mask or interfere with the antigenic 
determinants of fused Spec protein (Muesing et al.» !^ 
1984); therefore, partially purified proteins can be ( 
used to produce antibodies in the same manner as 
TrpE and ^-galactosidase fiisions. If necessary, the 
Rop portion of the protein molecule can be removed 
by chemical methods. Purification of the fragmented 
proteins is sunplified because the cleavage products 
of Rop are quite small. The system is very stable, and 
yields of each fusion can be optimized simply by 
varying the dilution of an overnight culture. It may 
be especially valuable in the production of small 
proteins and polypeptides that are frequently 
degraded in bacteria. i 
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ABSTRACT 

In studies presented here, M^e demonstrate that antioxidants regulate NF-kB activation and signal transduction 
pathways leading to HIV expression. We show (1) that iV-acetyi-L-cystelne (NAG), an antioxidant and an 
efficient glutathione (GSH) precursor, inhibits NF-kB activation and HIV expression under conditions in which 
GSH is depleted and NAG cannot be converted to GSH, (2) that the D-stereoisomer of NAG and a wide variety 
of chemically unrelated antioxidants also Inhibit NF-kB activation and/or transcription directed by the HIV 
LTR, and (3) that depletion of GSH, the principal intracellular antioxidant, augments HIV production in an 
acute infection model. Taken together, these findings suggest direct antioxidant action as the mechanism for 
inhibition of HIV transcription by NAG. They also confirm that GSH, acting in its capacity as an antioxidant, 
regulates HIV expression and that exogenous antioxidants can potentiate this regulation. 



INTRODUCTION 

Studies from several laboratories indicate that the signal 
transduction pathways leading to NF-kB activation and HIV 
production are redox regulated.'"^ A^- Acetylcysteine (NAG), a 
well-known antioxidant used to replenish intracellular glu- 
tathione (GSH) in vivo and in cells cultured in virro,®"*® has been 
shown to inhibit cytokine-stimulated HIV transcription and 
replication in a variety of model systems, For example, NAG 
inhibits stimulation of transcription directed by the HIV long 
terminal repeat (LTR) in reporter gene systems and inhibits 
cytokine-stimulated HIV production both in acutely infected 
peripheral blood mononuclear cells (PMBCs)* and in chroni- 
cally infected cell lines. ^ Furthermore, NAC inhibits the activa- 
tion of the uranscription factor Nuclear Factor-KB (NF-kB), 
which is essential for the stimulated expression of genes con- 
trolled by the HIV LTR.^-^ ' Finally, studies by Baeuerle and 
colleagues^ and confirmed in our laboratory (M.T. Anderson, 
manuscript in preparation), demonstrate that hydrogen peroxide 
specifically activates NF-kB in certain cell lines and thus clearly 
implicate oxidants in signal transduction leading to transcrip- 
tional activation of the HIV LTR. 

Normally, GSH serves as the major scavenger for intracellu- 
lar oxidants in addition to playing a variety of other roles in 
cellular metabolism (reviewed in Ref. 11). Because NAC is a 



GSH precursor, the inhibition of HIV transcription by NAC 
could be caused by its conversion into GSH, which subsequently 
acts as a scavenger. Altematively, NAC could act directly as an 
antioxidant and not by increasing the availability of GSH. Here 
we demonstrate that NAC inhibits HIV LTR-directed transcrip- 
tion under conditions in which GSH biosynthesis is inhibited. 
Moreover, we show that the D-stereoisomer of NAC, which is 
not a GSH precursor, is as effective as the L-enantiomer. Thus, 
by two independent assays, we demonstrate that the property of 
NAC as an antioxidant is responsible for the inhibition of 
cytokine-induced HIV transcription. 

We also show, in accordance with this model of direct 
reduction (i.e., without conversion into GSH), diat a wide 
variety of antioxidants other than NAC can inhibit transcription 
directed by the HIV LTR. Furthermore, we show that depletion 
of GSH augments HIV expression in an acute infection model. 
These results confirm that antioxidants in general, and GSH in 
particular, regulate HIV expression. 



MATERIALS AND METHODS 

Ce//j. Derivation of the HlV-lacZ reporter cell line, 
293.27.2, has been described. ' Human peripheral blood mono- 
nuclear cells were obtained by Ficoll-Hypaque density centrifu- 
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gation from whole-blood buffy coats purchased from the Stan- 
ford Blood Bank. The 293.27.2 cells were grown in DuIbecco*s 
modified Eagle's medium (DMEM), supplemented with 5% 
(v/v) FCS and 5% (v/v) horse serum» L-glutamine, peniciJIin. 
and streptomycin. 

Stimulation of cells. 293.27.2 cells were plated in individ- 
ual wells of 96-well Costor (Cambridge, MA) plates at a density 
of 5000 cells/well in 0.2 ml of medium. The next day. phorbol 
myristate acetate (PMA; Sigma, St. Louis, MO), tumor necrosis 
factor a (human rTNF-a; Cetus. Emeryville, CA), L-NAC 
(Aldrich, Milwaukee, WI), d-NAC (kindly provided by Dr. A. 
Tunek, Astra Draco. Lund, Sweden), or A^-aceiylserine (NAS; 
Sigma) were added to the desired concentrations from stock 
solutions. The enantiomeric purity of L- and D-NAC was 
confirmed by measurement of optical rotation: [a]^ for 
D-NAC = -4.6 ± 0,3 and (a]" for L-NAC =+ 4.4 ± 0.3. 
Stimulations were for 6 or 8 hr at 37**C,5% COj. In experiments 
with buthionine sulfoximine- (BSO; Sigma), cells were pre- 
ircated with BSO (100 jiM) for 2 days with daily refeeding 
(including BSO). and received BSO at the start of the stimula- 
tions as well. Experiments with the panel of antioxidants were 
performed as with NAC. Glutathione, glutathione disulfide 
(GSSG), L-cysteine, L-cystinc» butyJated hydroxyanisole 
(BHA), butylated hydroxytoluenc (BHT), sodium diethyldi- 
thiocarbamate (DDTC), nordihydioguaiaretic acid (NDGA). 
vitamin E succinate, and sodium ascorbate were all from 
Sigma. L-2-Oxothia2olidine-4-carboxylic acid (OTC) was from 
Clintec Nutrition. All stocks were neuu-alized to pH 7.0 prior 
to use. 

Measurement of ^-galactosidase activity. The 4-methyl- 
umbelliferyl p-D-galactoside (MUG) assay of p-galactosidase 
was carried out as described. 

Nuclear protein extracts and electrophoretic mobility 
shift assays. Nuclear protein extracts were made essentially as 
described,* '^ with some modifications to optimize conditions 
for our cells. Cells (10') were harvested after stimulation for 2 
hr, centrifuged (10 min, 1200 rpm, 4*C), and washed in 1 ml of 
ice-cold Tris-buffered saline. All subsequent steps were done in 
the cold room and on ice. Cells were pelleted and washed once in 
0.4 ml of buffer A (10 mM yV-2-hydroxyethylpipera2ine-Ar'-2- 
ethanesulfonic acid (HEPES) (pH 7.8), 10 mM KCI, 2 mM 
MgCIj, 3 mM dithiothreitol (DTT), 0. 1 mM EDTA (ethylene- 
diaminetetraacetic acid) 0. 1 mM phenyl melhylsulfony I fluoride 
(PMSF)], supplemented with protease inhibitors and incubated 
on ice for 17 min. Then 25 of a 10% Nonidet P-40 (NP-40) 
solution was added and cells were vigorously mixed and centri- 
fuged. Pelleted nuclei were resuspended in buffer C (50 mM 
HEPES (pH 7.8). 50 mM KCI, 300 mM NaCl. 0. 1 mM EDTA, 
3 mM DTT, 0.1 mM PMSF. 10% (v/v) glycerol] and gently 
mixed for 30 min, after which samples were centrifuged for 10 
min at 14,000 rpm to obtain clear supcmatants containing the 
nuclear proteins. Protein samples were stored at -70*C. Elec- 
trophoretic mobility shift assays (EMSAs) were done as de- 
scribed'" with 1 .0 M-g of nuclear extract and labelled kB probes 
under experimentally determined optimal binding conditions 
(final salt concentration, 70 mM; DTT concentration, 5 mM; 0.2 
|xg dIdC). Samples were run on 4.5% acrylamide gels and bands 
were visualized by autoradiography and quantitated by direct 
counting of radioactivity with a radioanalytic imaging system 
(Ambis Systems, Inc). 
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Monitoring of HIV infection. Peripheral blood mononu- 
clear cells were maintained in complete RPMH640 medium 
[supplemented with 20% heat- inactivated fetal calf serum 
(FCS), glutamine, and antibiotics]. The PMBCs (3 x 10*/ml) 
were stimulated for 3 days with 2 mg of phytohemagglutinin 
(PHA)/ml and 5% purified human interieukin 2 (IL-2; Pharma- 
cia, Piscataway. NJ) in complete medium. Cells were resus- 
pended at 1 X 10*/ml in complete RPMl with IL-2. and with or 
without 100 [lM BSO. After 3 days cells were pelleted, and 
infected by incubation for 45 min at 37**C with the supernatant 
from TNF-a-stimulated ACH-2 cells and 3 jig of Polybrenc/ml. 
Cells were then washed twice with RPMI and resuspended at 
1 X 10^/ml in complete RPMl with IL-2 and supplemented with 
TNF-a (lOng/ml), PMA (20 ng/ml). BSO (100 |jlM). and/or the 
indicated concentrations of NAC or OTC. After 48 hr, cells were 
pelleted, counted, and resuspended at 1 x 10^/ml in medium 
supplemented identically for continued culture. Twenty-four 
hours later, aliquots of the medium were collected for p24 
measurements by enzyme-linked immunosorbent assay 
(ELISA) (Abbott Laboratories, Abbott Park, IL). 



RESULTS 

NAC inhibits H!V LTR-directed transcription, whereas 
NAS does not 

Using a reporter cell system in which the HIV LTR directs 
expression of p-galaclosidase, we have demonstrated previ- 
ously that TNF-a- and/or PMA-induced HIV transcription is 
effectively inhibited by NAC (sec Ref. I; similar data from 
different experiments are presented in Fig. 1 A and Fig. 3). 

Because rather high (10-30 mM) concentrations of either D- 
or L-NAC are required to inhibit expression of the HIV LTR-I 
lacZ construct in the 293.27.2 cell line, we used A^-acetylserine 
(NAS) to control for nonspecific inhibitory effects, for instance, 
effects of osmolarity . yV-Acetylserine differs from NAC only in 
that it contains a hydroxyl group instead of a sulfhydryl group. 
As shown in Fig. lA&B, NAC inhibits the TNFa- and/or 
PMA-induced activation of the HIV LTR. whereas the same 
concentrations of NAS show no inhibition. In addition, 30 mM 
OTC, a non-reducing cysteine precursor, also had no inhibitory 
effect. Thus, the inhibition is specifically brought about by the 
reducing thiol group of NAC rather than by nonspecific effects 
due to the presence of a high concentration of reagent. 

NAC inhibits HIV LTR-directed transcription when 
GSH synthesis is blocked 

yv- Acetylcysteine is a GSH precursor'^- and could poten- 
tially inhibit HIV LTR-directed transcription by raising (or by 
preventing a decrease oO intracellular GSH. However. NAC is 
an antioxidant by itself and it could act as a direct reductant and 
free radical scavenger.* To try to distinguish between these 
possibilities, we carried out two different types of experiments. 
In the first experimental approach we utilized BSO, an inhibitor 
of -y-glutamylcysteine synthetase, one of the key enzymes in 
GSH biosynthesis. Buthionine sulfoximine is frequently used 
to lower GSH levels in cells, but here we used it to ensure that 
NAC (or cysteine after deacetylaliOn) will not be converted into 
GSH. The BSO-treatcd cells (100 jiM, 48 hr) also have lower 
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FIG. 1. NAC inhibits HIV LTR-directed transcription, but 
NAS does not. 293.27.2 cells, containing a construct in which 
the HIV LTR directs p-galactosidase expression, were stimu- 
lated as described in Materials and Methods. All stimulations 
were for 6 hr. Titration curves for NAC (A) and NAS (B) were 
established, showing that NAS does not inhibit HIV LTR- 
directed transcription in this reporter gene system, whereas 
NAC shows a concentration-dependent inhibition. 



GSH levels (about 10% of normal, data not shown), showing 
that BSO is indeed active under these conditions. As shown in 
Fig. 2, NAC inhibits stimulation of the reporter construct in both 
BSO-tieated cells and the parallel cultures that are untreated. 
The degree of inhibition by NAC is essentially the same with or 
without BSO. Thus, when de novo GSH biosynthesis is inhib- 
ited, NAC still inhibits stimulation of HIV LTR-direcled tran- 
scription, suggesting that NAC works as a direct antioxidant 
under these conditions and not through conversion into GSH. 

D'NAC inhibits HIV transcription to the same degree 
as L-NAC 

In the second type of experiment we used the D-stereoisomer 
of NAC (I>-NAC, iV-acetyl-D-cysteine). This stereoisomer, 
which cannot be converted into GSH because the enzymes that 
are involved in GSH biosynthesis use only L-amino acids, has 
been used by others to address the same question (direct 
antioxidant or GSH precursor) in different experiments, for 
example, in studies using NAC as an antidote against acetami- 
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FIG. 2. NAC inhibits HIV LTR-directed transcription as 
measured by p-galactosidase in the presence of BSO. BSO 
inhibits biosynthesis of glutathione and lowers GSH levels in 
cells. Cells were pretreated with BSO (100 fiM) for 2 days (sec 
Materials and Methods). When 293.27.2 cells are cultured 
under conditions in which GSH synthesis is impossible, NAC 
still is inhibitory for HIV transcription. Error bars indicate the 
standard deviation of four replicates for each condition. 



nophen- induced liver toxicity. In those studies, the D-stercoi- 
somer was ineffective, showing that conversion of L-NAC to 
GSH was required for protection. In contrast, we find that 
D-NAC and L-NAC both inhibit HIV LTR-directed transcrip- 
tion, and essentially to the same degree (Fig. 3). In fact, D-NAC 
is slightly more inhibitory, possibly because enzymes that 
metabolize L-NAC attack the D-form much less efficiently,'* 
and thus higher levels of I>-NAC are maintained. In conclusion, 
these experiments show in two independent ways that NAC can 
act as a direct antioxidant to inhibit HIV LTR-directed transcrip- 
tion in this reporter gene system. 

Other antioxidants also inhibit HIV 
LTR-directed transcription 

Because NAC apparently works as a direct antioxidant in the 
inhibition of HIV transcription, we determined whether other 
antioxidants could also inhibit HIV LTR-directed transcription 
in our g-galactosidase reporter gene system. Table I shows that 
L-cysteine and glutathione (GSH), but not their oxidized disul- 
fides L-cystine and GSSG, inhibit HIV transcription. Other 
antioxidants that do not contain a sulfhydryl giroup, such as 
BHA, NDGA, vitamin E succinate, and reduced vitamin C 
(ascorbate), also inhibit the cytokine-stimulated HIV transcrip- 
tion. Inhibition of HIV transcription by ascorbate has also been 
reported by Harakeh and Jariwalla,'* who have further demon- 
strated synergism between NAC and ascorbate in vitro. The 
BHA-related compound BHT did not inhibit HIV transcription. 
Both BHA and ascorbate are cytotoxic at concentrations 5- to 
10-fold higher than their IC50 (50% inhibitory concentration). 
The thiol compounds were not found to be cytotoxic, but are 
cytostatic at concentrations higher than the IC50 for both TNF-a 
and PMA. 

Oxothiazolidine-4-carboxylic acid is not an antioxidant, but is 
a GSH precursor, because it is converted intracellularly to 
L-cysteine through the action of 5-oxoproIinase.^° Cysteine is 
subsequently used to synthesize GSH. This compound did not 
inhibit HIV transcription in the reporter gene model (Table 1); 
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FIG. 3. L-NAC {top) and D-NAC (bottom) both inhibit HIV 
LTR-directed transcription measured as p-galactosidase activity. 
The D-stereoisomer of NAC cannot be used for GSH biosynthesis, 
but still inhibits HIV transcription to the same degree as the 
L-stereoisomer. For experimental details see text. Error ban indi- 
cate the standard deviation of five replicates for each point. 



apparently the 5-oxoprolinase activity is too low to provide 
enough cysteine (within the time span of the assay), which then 
could act as an antioxidant. 

We also tested DDTC (Oitiocarb sodium, Imuthiol), a non- 
thiol-containing antioxidant with strong metal-chelating proper- 
ties that has been used in clinical trials for HIV infection.^* We 
observed strong inhibition of HIV transcription at low concen- 
trations (IC50, --10 \iM); however, even slightly higher concen- 
trations were toxic to the cells. In conclusion, we show that a 
wide variety of antioxidants (sulfhydryl-containing compounds, 
nonsulfiir antioxidants » and metal chelators) are capable of 
inhibiting HIV transcription in vitro. This supports the assertion 
that, in this model system, GSH synthesis is not required for 
inhibhion by NAC. 

Both L'NAC and D-NAC inhibit NF-kB activation 

We and others have reported previously that L-NAC can 
inhibit the cytokine-induced activation of the cellular transcrip- 
tion factor NF-kB.^ **-^ This transcription factor is used by HIV 
to maricedly up-regulate transcription of its genes and to enhance 
viral replication.^^ Because D-NAC inhibits HIV transcription in 
a P-galactosidase reporter gene system (as described above), we 
tested if D-NAC can also inhibit activation of the NF-kB 
transcription factor. Nuclear protein extracts were prepared 
from 293 .27.2 cells stimulated with TNF-o . PM A, or both in the 
presence or absence of 30 mM L- or D-NAC and gel rctaixlation 
assays were done. Both enantiomers effectively inhibited acti- 
vation of NF-kB, and both are more effective in inhibiting 
PMA-induced activation than TNF-induced activation (Fig. 4). 
The inhibition of NF-kB activation by both stereoisomers is in 
agreement with data from the HIV LTR-reporter gene experi- 
ments and provides a partial explanation in terms of a molecular 
mechanism for the observed inhibition of HIV transcription in 
that system. 



Table 1. Inhibition of HIV Long Terminal Repeat-Directed 
Transcription by Antioxidants* 



Compound 



NAC (L- and D-) 

L-Cysteine 

L-CystinelO mM 

GSH 

GSSG 

DDTC 

NDGA 

Vitamin E succinate 

Ascorbate (vitamin C) 

BHA 

BHT 

OTC 



Toxic 
level*" 


Approximate IC^o for stimulation 


TNF-a 


PMA 


TNF'OL + PMA 


>50mM 


15 mM 


ImU 


15 mM 


20 mM 


15 mM 


7mM 


15 mM 


10 mM 




No inhibition 




>50 mM 


20 mM 


20 mM 


10 mM 


lOmM 


♦ 


* 




0.02 mM 


O.lOmM 


0.010 mM 


0.010 mM 


0.30 mM 


0.1 mM 


0.005 mM 


0.1 mM 


0.25 mM 


0.1 mM 


0.025 mM 


0.1 mM 


6 mM 


5mM 


3mM 


3mM 


1 mM 


0.1 mM 


0.050 mM 


0.05 mM 


1 mM 


* 




* 


>30 mM 


• 


* 


* 



" 293.27.2 cells were stimulated with TNF-a (10 ng/ml), PMA (20 ng/ml), or both as described 
in Methods. A range of concentrations of the above compounds was tested and the concentration 
that gave 50% inhibition (IC50) HIV transcription was detennined from the titration curves. 
Compounds that showed no inhibition were tested for concentrations up Co 30 mM (GSSG, 
L-cystine, OTC) or until cytotoxic levels were reached (millimolar'range for BHT). • 

^'Toxic levels were defined as viability < 90% after a 24 hr incubation period with the compound. 

"^No inhibition 
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FIG. 4. D-NAC inhibits NF-kB activation to the same degree 
as L-NAC. Nuclear protein extracts were preparecJ from 
293.27.2 cells after stimulation for 2 hr in the presence or 
absence of D-NAC or L-NAC. Retardation assays were done as 
described in Materials and Methods. The arrow indicates the 
inducible NF-kB band; free probe runs at the bottom of the gel. 



Acute, in vitro HIV infection is inhibited by both 
D-NAC and L-NAC 

Results described above establish the efficacy of D-NAC in 
model systems for HIV infection. We have demonstrated eariier 
that L-NAC inhibits HIV infection of normal (HIV") PBMCs at 
low (< 1 mM) concentrations. As shown in Table 2, D-NAC is as 
effective as L-NAC in inhibiting viral replication after acute 
infection in vitro. In fact, a 1 mM concentration of either 
stereoisomer inhibits, virtually completely, viral production in 



Table 2. yV-ACETYL-O-CVSTEINE AND yV-ACETYL-L-CYSTEINE 

iNHiarr HIV Repucation in VrrRo' 





No antioxidant 






Stimulation condition 


p24 production 


L-NAC** 


Z>-NAC** 


No stimulation 


40 


<0.1 


<0.1 


TNF-a 


60 


<0.1 


<0.I 


TNF-a + FMA 


107 


<0.1 


<0.J 


BSO 


• 57 


<0,1 


<0.I 


TNF-a + BSO 


117 


<0.1 


<0.1 


TNF-a + PMA + BSO 


131 


<0.l 


<0.1 



" Normal (HIV") PBMCs were infected in vitro with HIV as 
described in Materials and Methods. Inhibition measured as p24 
production (in nanograms per milliliter). 

**ImM of both D-NAC and L-NAC was added, 
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Table 3. Inhibition of Stimulated Viral Replication 
IN Peripheral Blood Mononuclear Cells 

BY A/-ACETYLCYSTEINE AND 
L-2-OXOTHIA20LU5INE-4-CARBOXYLIC ACID* 



HlV production 
(% of untreated) 



Treatment 


Concentration 
(mM) 


Expt, I 


Expt. 2 


Expt. 3 


NAC 


1 


15 


13 


8 


OTC 


1 


74 


88 


nd 




3 


62 


nd' 


nd 




10 


46 


75 


43 




30 


5 


nd 


nd 



"Peripheral blood mononuclear cells were prepared and 
infected as in Materials and Methods, and stimulated with TNF 
(10 ng/ml) and PMA (20 ng/ml) with or without the indicated 
concentrations of NAC or OTC. The amount of p24 produced in 
the presence of NAC or OTC is shown as a percentage of that 
produced without either drug, nd, not done. 

this experiment. Data from other experiments with L-NAC are 
given in Table 3, showing that 1 mM L-NAC inhibits viral 
replication by -90%. In contrast, the GSH prodrug OTC, even 
at a 10 mM concentration, only partially inhibits HIV replication 
(Table 3), again demonstrating the importance of antioxidant 
properties for the compounds that efficiently inhibit HIV repli- 
cation and transcription, 

GSH depletion enhances HIV production 

Because HIV-infected individuals have low levels of intracel- 
lular GSH in T cells," we tested the effect of lowering GSH 
levels in normal PBMCs on acute viral infection. When the cells 
are cultured in the presence of BSO (100 p.M), intracellular GSH 
levels are lowered to about 60% of normal under these condi- 
tions (data not shown). Under all conditions, cell viability and 
growth were identical. Data in Table 2 show that the viral 
production is enhanced in cells with lower GSH levels (as 
compared to cells with nonnal GSH levels). This enhancement 
is observed under stimulated and unstimulated conditions. This 
suggests that the low GSH levels seen in vivo (in patients) may 
contribute to a higher rate of HIV replication. 



DISCUSSION 

Studies presented here demonstrate that the cytokine-stimu- 
lated signal transduction pathway leading to NF-kB activation 
and HIV transcription is redox regulated. In previous studies, we 
have shown that the uransduction of these signals is inhibited by 
NAC, an antioxidant that is efficiently converted to GSH and 
used medically to replenish GSH. The key regulatory role 
suggested for GSH by these findings is confirmed here by 
studies that show that depletion of GSH increases HIV expres- 
sion in PBMCs. In addition, studies presented here demonstrate 
that NAC works as a direct antioxidant to inhibit HIV transcrip- 
tion and replication. A number of other antioxidants with 
different chemical structures also inhibit stimulated HIV tran- 
scription (in a reporter gene system). 



i 



The most likely way that L-N AC could be useful for treatment 
in vivo is through restoration of GSH levels. HIV-infected 
people have lower plasma and intracellular GSH (reviewed in 
Ref. 24). and NAC may restore this deficiency. High GSH 
levels may keep the virus in a silent state (by blocking inappro- 
priate NF-kB activation) and prolong clinical latency. The 
potential use of L-N AC as a therapeutic agent for HFV infection 
has been reviewed elsewhere. Because D-NAC is not a 
GSH precursor, we do not regard it as a potential therapeutic 
agent for HIV disease. 

A^-Acetylcystcinc (and other antioxidants) could have an 
intracellular or extracellular mode of action. Because 0-NAC is 
deacctylated at a much slower rate than L-NAC, the intracel- 
lular action of D-NAC is likely through D-NAC itself, whereas 
L-NAC probably partially acts as L-cysteine. (Note that L-NAC. 
D-NAC, and L-cysteine have identical IC50 values; see Table 1). 
These findings confirm and extend the observations from 
Drogc's laboratory that GSH may not be the sole low molecular 
weight thiol that can modulate HIV expression.^ We cannot 
exclude the possibility that L-NAC and D-NAC act extracellu- 
larly to facilitate equally the uptake for cystine from the medium 
into the cells. Precedence for such a mechanism comes from 
studies by Issels et al, J^^ who examined the uptake of [^^S]cys- 
tine and GSH synthesis in CHO cells. On adding either 
cysieamine or L-NAC they found increases in radioactivity in 
the cells and increases in GSH synthesis, supporting the con- 
clusion that NAC and cysteamine acted as delivery systems for 
cystine from the medium outside the cells into the cells. 
However, because L-NAC is readily taken up by cells and 
converted into cysteine.^' an intracellular mechanism seems 
more likely, especially because other chemically distinct antiox- 
idants that ^yi]l not facilitate cystine uptake also inhibit HIV 
U-anscription. 

Taken together with earlier data from Baeucrle's group that 
hydrogen peroxide can directly activate NF-kB and that NAC 
can block NF-kB induction by a wide variety of agents,' there is 
a substantial body of evidence implicating a redox-sensitive step 
in the signal transduction leading to NF-kB activation and HIV 
u^nscription. The molecular nature of such step(s) is as yet 
unknown, although several can now be ruled out. Schreck et 
al.^^ reported that the antioxidant pyrrolidine dithiocarbamate 
(PDTC) strongly inhibits NF-kB activation and HIV transcrip- 
tion but does not interfere with nuclear uptake of NF-kB or 
with the release of Inhibitor of NF-kB GkB). In addition, it 
has been shown that NAC does not interfere with in vitro 
binding of NF-kB to its DNA site.'' These findings locate the 
redoxsensitive step within the actual signal transduction pathway 
leading to release of IkB from NF-kB. (Consistent with this 
hypothesis, preliminary data indicate that there may be a redox- 
regulated tyrosine phosphorylation step in the transduction of 
certain signals'leading to NF-kB induction (Staal et al., manu- 
script in preparation). 

These findings might be viewed as inconsistent with evidence 
from three reports demonstrating redox effects on NF-kB bind- 
ing to DNA in vitro (as opposed to regulation of NF-kB 
activation in intact cells).^*"" In these reports, oxidants de- 
crease in vitro binding to the kB site and reducing agents 
increase this binding. However, we have shown the opposite for 
induction of NF-kB in intact cells, that is, oxidants stimulate 
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NF-kB activation and reducing agents block this stimulation. 
This difference can be understood by recognizing that the 
mechanisms that increase NF-kB binding activity in vitro are 
probably unrelated to the mechanisms that increase the amount 
of activated NF-kB in the cell. Alternatively, the in vitro- 
binding studies may have relevance to the actual situation within 
the cell, if one assumes that different redox environments exist 
in the cytoplasm and the nucleus. Data from Orrenius*s group, 
showing a three-fold higher GSH concentration in the nucleus as 
compared to the cytoplasm,^* give some support for this notion. 

Transcription fmxxs other than NF-kB can be regulated by 
redox mechanisms as well. Currants group has described that the 
DNA binding of Fos and Jun is redox regulated. ^^'^^ Reduction 
of a conserved cysteine residue in the DNA-binding domain of 
Fos and Jun is required for AP-1 binding, A nuclear redox 
factor, named Ref-1, has been identified^' and cloned^® and is 
probably responsible for reduction of this cysteine residue. 
Inlriguingly , Ref- 1 can also stimulate the DNA-binding activity 
of NF-kB, as well as other transcription factors (Myb. CREB, 
ATF-1. ATF-2).^« 

Oxidative stress [e.g., hydrogen peroxide and ultraviolet 
(UV) irradiation], induces activation of c-fos and c-jun in intact 
cells.^'*'*^ Thus redox regulation of AP-1 is similar to redox 
regulation of NF-kB, in that oxidation can induce or activate the 
transcription factor, whereas reduction seems to be required for 
DNA binding, at least in vitro. This again illustrates the 
complexities of redox regulation, especially in intact cells in 
which different signal transduction pathways, redox control 
systems, and cell compartments all contribute to the final 
readout. In addition to NF-kB and AP-1, the DNA-binding 
activity of certain other transcription factors, including OxyR,"*^ 
TFIIIC,'*' and some steroid receptors Z^'*^ is redox regulated. 
Thus redox mechanisms may provide a means for control of 
signal transduction pathways and posttranslational regulation of 
transcription factor function. 
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The novel alkylation of the sodium enolate of propioveratrone (4) with a-bromopropipveratrone (5) in liquid 
ammonia gave the racemic diketone 9. A mechanism for the stereoselectivity of this alkylation is proposed and 
the structural requirements of the reaction are discussed. Cyclodehydration of 9 to the furan 8 followed by 
hydrogenation via the all-cis tetrahydrofuran 25 afforded nordihydroguaiaretic acid (NDGA) tetramethyl ether 
(2). A pronounced solvent effect on the hydrogenation was observed. Demethylation of 2 with concentrated 
hydrobromic acid afforded NDGA (1) in good yield and high purity. An alternate route to 2 via the alcohol 28 
is also described. 



Nordihydroguaiaretic acid (1), more commonly 
known as NDGA, is a phenolic ligaan found in the re- 
sinous exudates of many plants, especially Larrea di- 
varicata, the creosote bush of the southwestern United 
States.' Its structure was established by synthesis,' 
and there was strong chemical evidence^ that the nat- 
urally occurring optically inactive NDGA was the 
raeso rather than the racemic form. 

Several syntheses of NDGA have appeared in the 
literature'"® and in patents/-^ but all involve low- 
yield reactions, lengthy reaction sequences, or expen- 
sive starting materials. The creosote bush has re- 
mained the only commercial source of NDGA, which 
has been used as an antioxidant in foods. 

This report presents a practical synthetic route to 
NDGA utilizing a novel and highly stereoselective 
alkylation reaction to form the lignan carbon skeleton. 

In order to obtain an unequivocal confirmation of 
the configuration* of natural NDGA, the tetramethyl 
ether 2,^ prepared from commercial NDGA,^° was 
brominated, affording the dibromo derivative 3,* A 




1, R=:X = H (NDGA) 

2, R = CH3; X = H 

3, R^CHs; X = Br 



single-crystal X-ray analysis" confirmed that NDGA 
(1) has the meso configuration. 

Acylation of veratrole with propionyl chloride using 
chloroform as solvent gave a higher yield (93%) of 
purer product, 3,4-dimethoxypropiophenone (4), than 
previously reported methods. ^^-^^ Bromination of 4 

(0 PrMonted in part at Metroobem 66, New York, N. Y., Mfty 1, 1909* 
and at the Annual Meeting of the Fbytoohemioal Society of North America. 
Banff, Alberta, Canada, Aug 20, 1960. 

(2) C. W. Waller and 0. Glavold. /. Anur, Pharm, Aat., 84, 78 (X946). 

(8) R. D. Haworth, 0. R. Mavin; and 0. Sheldxiek, J, CAem. 3oe., 1423 
(1934). 

(4) A. W. Sohrecker, J, Amer. Chtm. 3oc., T9, 8838 (1957). 

(6) O. Sobroeter, L. Liohtenstadt, and Irineu, Bmt„ 81, 1587 (1918). 

(6) S. V, Lieberman. O. P. Mueller, and E. T. Stiller, /. AiMr. Chsm. Soc, 
69, IMO (1947): U. S. Patent 2.450.443 (Dao U, 1048). 

(7) M. P. Oerchuk and V. M. Ivanova, Khim. i^outo Prom., 9, 080 
(1908). 

(8) J. O. Bleare and R. D. Haworth, J, CA«m. 8oe., 1985 (1908). 

(9) X. A, Pearl, U. 8. Patent 2.044.822 (July 7, 1903)» 

(10) Wm. J, Btange Co.. Paterson, N. J. 

(11) J. 8. McKechnie and I. C. Paul. J, Chem, Soe. B, 099 (1909). We 
thank Dr. Paul for performing this analysts. 

(12) T. B. Johnson and W. W. Hodge. /. Amsr. Chem. Soe,, 88, 1014 
(1913). 

(18) R. J>, Uawortb and D. Woodeook, /. Chem. Soe., 800 (1938). 



in refluxing chloroform then gave a-bromo-3,4-di- 
methoxypropiophenone (5), again in considerably 
better yield (95%) than by the methods previously 
described." 




Ar = 3,4 -dimethoxyphenyl 

4, X = H 

5, X = Br 

6, X = C1 

Heating 5 with copper powder in refluxing xylene 
has been reported" to give 2,3-diyeratroylbutane (7) 
in 28% yield, but, using a variety of copper powders 
and solvents, we could obtain the rather insoluble com- 
pound 7 in no more than 7% yield. Column chro- 
matography of the mother liquors led to crystalline 
mixtures containing a second diketone (9) contami- 

CHa 0 Ar A^Ar CH3 0 

7 (meso) 8 9 (racemic) 

nated with 7. Dehydration of either 7 or 9 afforded 
the furan 8 in high yields. From the data to be pre- 
sented, it is clear that 7 and 9 are the expected meso 
and racemic diketones, respectively. 

Support for the assignments of relative configurar 
tion to 7 and 9 came from their mass spectra/^ which 
showed that a fragment ion at m/e 194 was much 
stronger in the spectrum of 7 than in that of 9. This 
ion presumably arises by a rearrangement fragmenta- 
tion," the transition state (10) for which is stericaUy 




7. Ri = H; R2 = CH8 



9, = CHsj R2 = H 

more favorable when Ri = H and Rj = CHj (7) than 
when Ri = CH, and Rz = H (9) . 

(14) J. R. Atkinson and R. D. Haworth, ibid., 1081 (1938). 
(10) Dr. F. Vane, Hoffmann-La Roohe Inc., unpubllsbed results. 
(10) F. W. MoLafferty» "InterpreUtton of Mass Spectra." W. A. Benja- 
min. New York, N. Y.. 1900. p 123. 
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Examination of the infrared spectra of these diar 
stereomeric diketones showed some striking dififerences. 
The corbonyl absorption frequencies in the infrared 
spectra of the following compounds were measured 
in dilute carbon tetrachloride solution : propiophenone 
(1692 cm"Oj p-methoxypropiophenone (1685 cm"0, 
3,4-dimethoxypropiophenone (4, 1681 cm-^, the race- 
mic diketone (9, 1669 om~^); and the meso diketone 
(7, 1662 cm^^. The lowering of the frequency by 11 
cm~^ from propiophenone to 4 is dearly the result of 
electron enrichment of the carbonyl group of 4 by the 
strongly electron-donating methoxyl substituents, but 
the further lowering of the frequency by 12 cm*^ in 
9 must be due to strong interaction (and therefore 
close proximity) between the two aroyl groups of 9. 
Even stronger aroyl-aroyl interaction must exist in 
the meso diketone 7. Such aroyl-aroyl interactions 
can be understood best in terms of the conformations 
of the diketones shown below (7a and 9a), in which 




7a 9a 



the planar aroyl groups lie in approximately parallel 
planes and in close proximity. 

Inspection of Dreiding models of these molecules 
also suggests that, in the meso diketone conformer 7a, 
one of the methyl groups interacts sterically not only 
with the other methyl group, but also strongly with 
the ortho hydrogen atom on the nearer aryl group, as 
indicated by the dotted arrows. Both of these inter- 
actions are relieved best by slight rotations of the C- 
aroyl bonds, as indicated by the solid arrows. Such 
a conformational adjustment is done at the expense 
of forcing the aroyl groups into closer proximity, which 
is compatible with the infrared data. On the other 
hand, the methyl-methyl interaction in the racemio 
diketone conformer 9a, shown by the dotted arrow, 
is easily relieved by slight rotation about the central 
carbon-carbon bond, and this motion tends to decrease 
the aroyl-aroyl overlap." 

The observed differences in the pmr spectra of these 
diketones are also understood in terms of such con- 
formations. On the average, the methyl groups of 
the meso diketone conformer 7a are closer to, and there- 
fore more shielded by, the aroyl groups than are the 
methyl groups of the racemic diketone conformer 9a. 
Accordingly, the signals for the methyl protons are 
found at higher field for 7a than for 9a, Base-catalyzed 
equilibration of either diketone led to mi;(tures of 7 
and 9, their ratio depending on the solvent as shown 
in Table I. 

A better method of preparing the meso diketone 7 
was sought in the reaction of the sodium enolate of 4 
with the bromo ketone 5. However, in DMSO the 
reaction gave the racemic diketone 9 in low yield. 
When the alkylation reaction was carried out in liquid 

(17) No attempt ia made to assess the absolute magnitude of aroyl- 
aroyl (or aryl-aryl) overlap in these eompounds, but only tb« relative overlap 
as It is affeoted by these simple conformational adjustment from the ideal 
completely staggered conformations drawn In the diagrams above. 
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Time, 


Temp, 


Ratio. 


material 


Solvent 


Base 


hr 


"C 




7 


C»HiOH-CHiOH-CiH. 


NaOCHi 


1 


Reflux 


I.O 




(4:4:1) 










9 


CiH(OH^HiOH-CiHo 


NaOCHi 


1 


Reflux 


2.2 




(4:4:1) 










7 


DMSO 


KO-t-Bu 


1 


22 


3.6 


9 


DMSO 


KO't-Bu 


1 


23 


3.9 


7 


CsH. 


KO-<-Bu 


1 


40 


3.8 


0 


CiHi 


K04.BU 


1 


40 


3.4 



" Differences in ratios in the same solvent systems are within 
eicperimental error. 



ammonia at —33°, the pure racemic diketone 9 was 
obtained in 90% yield. 

As expected from the preceding analysis of the steric 
interactions in the two diastereomeric diketones, the 
racemic form 9 was found in each case to be slightly 
favored over the meso form 7. However, the observed 
difference in stability does not account for the highly 
stereoselective alkylation of 4 by 5 to give the racemic 
diketone almost exclusively. 

The novel and highly stereoselective alkylation of 4 
by S in liquid ammonia seems to have rather specific 
structural requirements. When the a-chloro ketone 
6 was used in place of 5, the major product isolated 
(ca. 15% yield) was the furan 11, perhaps arising via 
cyclization of an intermediate such as 12 resulting 
from a Darzens-type condensation. When the sub- 
stituted acetophenones 13 and 14 were condensed under 
the same conditions, the reaction took yet another 
course, affording 15 and 16 in low yields along with 
recovered 13, but none of the expected diketone 17. 




Assignment of structures 15 and 16 was based mainly 
on elemental analysis, and pmr and mass spectra. The 
presence of three, rather than two, pmr signals for the 
methoxy groups of 16 supports the trans configuration 
assigned. 

On the other hand, the condensation proceeded 

normally with the pairs of propiophenone derivatives 
18-19 and 20-21, giving in each case the corresponding 
racemic diketones, 22 and 23, in good yields. The 
meso diketones were not detected. 




18, R = X = H 22, R = H 

19, R = H; X=Br 23. R^OCH, 

20, R = 0CH3; X = H 

21, R = OCHs; X = Br 
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5a, Ri = H; R2 = CH3 7, Ri = H; R2 = CH3 (meso) 
5b, Ri^CHj; Ri = H 9, R, = CH8; R2 = H (racemlc) 

The stereoselective formation of the racemic dike- 
tones in these reactions may be rationalized by the 
following proposed mechanism. Formation of the 
enolate from 4 should give predominantly the trans 
enolate 24. Reaction of 24 with either enantiomer 
5a or Sb from either above or below 24 is possible, but 
it would be sterically more favorable when the aroyl 
group of 5 is farthest from the aroyl group of 24, and 
the methyl group of 5 is toward the oxygen of 24 rather 
than toward the aryl group. Thus, in the example 
illustrated in Chart I, reaction would be more likely 
to occur with 5b than with 5a, and displacement of 
bromide by the enolate with Walden inversion would 
lead to one enantiomer of the racemic diketone 9, In 
like manner, and with equal probability, approach 
of 5 on the . top side of 24 would preferentially form 
the other enantiomer of 9, with the net result that the 
product is predominantly the racemic form. 

Catalytic hydrogenation of the furan 8 was reported' 
to give either NDGA tetramethyl ether (2) or the all- 
cis tetrahydrofuran 25 depending on conditions, but 
no yield was given for the first case, and 70% was re- 
ported for the second. During extensive efforts" to 
hydrogenate 8 directly to 2, an improved procedure 
for the preparation of 25 in 89% yield was developedj 
but none of the catalysts or conditions studied gave 
2 in significant yields. , 



At Ar 
2S 



CH3 JOH, 
26 




Ar 



Ar 



OR CH3 

CHa 

28, R = H 

29, R=C0CH3 



Galgravin (26), prepared by acid-catalyzed isomer- 
ization of 25, is reported to be more easily hydrogenated 
to 2 with palladium oxide than is the furan 8.® A 
series of similar hydrogenation experiments, sum- 
marized in Table II, was conducted on 8 and 25, and 
disclosed a remarkable solvent effect on the ratio of 

(18) We thftok Mr. D. Wagner, Uoffmann-La Roohe Inc., for auistanoe 
with the bigh-pieMura hydrogenaUon experiments. 
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2 27 
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25 
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28» 58» 


25- 
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AcOH 


25 
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25« 75« 


25 


PdO 


MeOH 


25 


20 


5- 05- 


25 


PdO 


EtOAc 


25 


23 


74- 26- 












56* 


25 


PdO 


THF 


25 


45 


79« 21- 












76^ 


25 


PdO 




26 


24 


No reaction 


8 


PdO 


THF 


75 (1500 


0.6 


81- 18" 








psig) 







« Detennined by gas chromatography. ^ Isolated crystalline. 
< Conditions similar to those reported by Blears and Haworth.* 

the two products formed, 2 and racemio isogalbulin 
(27)." The formation of 27 may be the result of de- 
sorption of the intermediate alcohol 28 from the catalyst 
followed by its cyclodehydration in solution. Rela- 
tively nonpolar solvents such as THF may cause less 
desorption of 28 ; so relatively more 2 is formed. 

As seen from the last entry in Table II, the use of 
tetrahydrofuran (THF) as k solvent and palladium 
oxide as a catalyst, along with elevated temperature 
and pressure, permitted the direct conversion of 8 to 2 
in good yield, There seems to be no advantage in 
the stepwise conversion of 8 to 25 to 2. 

Unfortunately, only fresh palladium oxide, finely 
powdered, gave good results. A more convenient and 
reliable catalyst system was sought. Palladium chlo- 
ride catalyzed the reduction of 8 to 2 but the hydrogen 
chloride liberated by the reduction of the catalyst 
caused the formation of 25% of isogalbulin (27). The 
addition of inorganic buffers minimized the formation 
of 27 and increased the activity of the catalyst, allow- 
ing the hydrogenation of 8 to 2 consistently in 65-75% 
yield. Synthetic 2 was identical with the tetramethyl 
ether of natural NDGA. 

Finally, demethylation of 2 with refluxing concen- 
trated hydrobromio acid afforded, in nearly quanti- 
tative yield, NDGA (1), identical with a purified sam- 
ple of the natural prbduct. 

An alternative route to 2 involves reductive ring 
opebing"-'^ of 25 by a solution of sodium in liquid 
ammonia and tetrahydrofuran to give the alcohol 28, 
which is probably an intermediate in the hydrogenar 
tions of 8 and 25 already described. wCyclization of 
28 by a very mild acid treatment^ gave racemic iso- 
galbulin (27) in good yield. Hydrogenolysis of the 
acetate 29 gave 2. Howevier, this longer route to 2 
seems to have no advantages over the direct hydro- 
genation of 8. 

Experimental Section 

Microanalyses were performed by Dr. F. Soheidl and associates 
of the Hoffmann-La Roche Inc. microchemical laboratory. 
Melting points were determined with a Thomas-Hoover capillary 
apparatus and are uncorrected. Spectra were recorded on stand- 
ard instruments by the staff of the Physical Chemistry Depart- 
ment of Hoffmann-La Roche Inc., or on a Perkin-Elmer Model 
237B Infracord. Unless otherwise noted, pmr spectra were 
recorded at 60 MHz. Chemical shifts are expressed as d values 
(parts per million downfield from tetramethylsilane as internal 
reference) and coupling constants {J) are expressed in cycles per 

(19) A. J. Biroh. B. MUUcan, E. Smith, and R. N. Speftke. J. Chtm, Soe.. 
4471 (1958). 

(20) N. 8. Crouloy mad C. DJeraui. ibid,, 14W (1902). 
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second. Thin layer chromatograma (tic) were used routinely for 
following reactions and separations, and were performed on 
Brinkmann F264 aiixca gel plates, which were examined under 
long- and shbrt-waVe ultraviolet light and were then sprayed with 
a 1 : 1 mixture of 85% phosphoric acid and concentrated nitric 
aoid and warmed gradually on a hot plate. Gas chromatographic 
analyses were carried out on a 4 ft X 0.25 in. o.d. copper column 
packed with 1.1% SE-30 + 0,2% Versamid 900 on AW/DMCS 
Chromosorb G, 60-80 mesh^ installed in an instrument equipped 
with a thermal conductivity detector, using helium as a carrier 
and oijerating at 220-260'. 

Puritication of NDGA (1).— Commercial NDGA" was re- 
cry staUized three times from 36% aqueous acetic acid to give 
tan-colored material, mp 183-184**. This was sublimed at 175- 
180* (0.03 mm) to afford large white and some yellow crystals. 
The white crystAls were hand picked and ground in a mortar, 
giving pure NDGA: mp 18&-186'* (lit.* mp 184-185*); optically 
inactive; i^max (KBr) 3470, 3310, 3200. 1612, 1530, 1520, 790, 
756 cm-S' nmr (CD,OD) 5 0,78 (6 H, d, / = 6 Hz), 1.66 (2 H, 
poorly resolved q, J = 6 Hz), 2.12 (2 H, unsymmetrical q, 
/ = 13, y = 9 Hz), 2.61 (2 H, unsymmetrical q, / = 12, 
/' « 6 Hz), 4.98 (4 H, broad s), 6.36-6.75 (6 H, m); Xm« 
(CH,OH) 283, 218 m^ (e 6660, 13,400). 

NDGA Tetramethyl Ether (2) from Commercial NDGA.— 
Addition of potassium hydroxide solution (16 g of KOH in 50 ml 
of water and 75 ml of methanol) to a solution of NDGA"* (20.0 
g, 0.0663 mol) in methanol (60 ml) at room temperature under 
nitrogen gave a dark solution to which dimethyl sulfate (67 g, 
0.532 mol) was. added with stirring over a period of 15 min. The 
temperature during the addition was maintained at 35-40*, and 
enough potassium hydroxide solution was introduced periodically 
to maintain pH 8-9. The reaction mixture was stirred at room 
temperature for 18 hr arid then poured into water. The pre- 
cipitate was collected by filtration, washed with water, and dried 
to provide 22.7 g (96%) of tan-colored solid, mp 93-98°. Purifi- 
cation of the product by elution from Florisil with beneene- 
chloroform (1:1) followed by several recrystallizations from 
methanol afforded analytically pure product: optically inactive; 
mp 100-102" (lit.* mp 100-101*); vmox (KBr) 1610, 1595, 1525, 
1265, 1240, 1160, 1140, 1025 om-i; nmr (CDCU) 6 0.85 (6 H. 
d. / - 6 Hz), 1.50-3.00 (6 H. m), 3.87 (12 H, s), 6.60-6.84 (6 
H, m); Xm.. (CH,OH) 279, 228 mn (e 6080, 16,400). 

Anal. Calcd for Ci,Hio04: G, 73.71; H, 8.44. Found: C, 
73.77; H, 8.48. 

me^o- 1 ,4-BlB(2-bromo>4,5-dimethozyphenyl)-2,3-dimethylbtt- 
tane (3).— NDGA tetramethyl ether (2, 5.0 g, 14 mmol) was 
brominated in acetic acid' in 91% yield. After several recrystal- 
lizations from methanol the product had mp 131-132°. A sample 
of large, needleUke crystals, obtained by slow evaporation of a 
saturated methanol solution, was subjected to X-ray crystallo- 
graphic examination^^ and found to be the meso isomer. 

3,4-Dlmethozyproplophenohe (4). — To a cooled, well-stirred 
slurry of anhydrous aluminum chloride (22.0 g, 0.166 mol) in 
chloroform (80 ml) at 0-5* under an atmosphere of dry nitrogen 
was added a solution of freshly distilled propionyl chloride (12.0 g, 
0.13 mol) in chloroform (10 ml) at such a rate as to maintain a 
temperature of 0-5°. When the addition was complete (about 
15 min), a solution of veratrole (13.8 g, 0.1 mol) in chloroform 
(10 ml) was added in the same manner over a 30-min period, 
during which time hydrogen chloride was slowly evolved. The 
reaction mixture became a nearly clear, yellow-green solution, 
which was stirred at 0-5* for 1 ht after completion of the addi- 
tion. With continued stirring and cooling 3 jY hydrochloric acid 
(100 ml) was then added very cautiously dropwise, keeping the 
temperature below 30°. When aU the solids were dissolved, the 
phases were separated, the lower organic phase was washed with 
3 sodium hydroxide solution (50 ml) once, and the two aqueous 
solutions were back-extracted in succession with chloroform (50 
ml). The combined chloroform solution was dried over anhy- 
drous magnesium sulfate, filtered, and evaporated to dryness 
in vactto, and the residue was crystallized from methanol (25 ml) 
by chilling overnight in a freezer to afford a first crop, 14,31 g 
(78.8% yield), mp 68.5-59.5'. A second crop, 3.84 g (20.0% 
yield), had mp 54-58*. An analytical sample had mp 58-59* 
(lit."mp 59-60°). 

a-Bromo-3,4-dimethoxypropiophenone (5). — A solution of 
bromine (65.4 g, 0.408 mol, 2% excess) in chloroform (100 ml) 
was added as rapidly as possible through an addition funnel to a 
refluxing solution of 3,4-dimethoxypropiophenone (4, 77.6 g, 
0.40 mol) in chloroform (300 ml) with good agitation. The 
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hydrogen bromide, which was rapidly evolved, was conducted 
from the top of the reflux condenser to a flowing water scrubber. 
When the addition was complete the solution was refluxed for 
10 min to drive off most of the hydrogen bromide; then the solvent 
was removed under reduced pressure. Crystallization of the 
residue from methanol (200 ml) gave a first crop, 101.9 g (98.2% 
yield), mp 81-82*. A second crop, 2.3 g (2.2% yield), had mp 
72-77°, and an analytical sample had mp 82-82.6* (lit." mp 
83-84°). 

me80-2,3-Bi8(3,4-dimethoxyben2oyl)butane (7). A.— The pro- 
cedure described by Atkinson and Haworth** was used, except 
that commercial copper powder was used in place of "freshly 
precipitated copper"'^ and a small crystal of iodine was added to 
the reaction mixture. Crystallization of the crude product from 
methanol afforded white crystals: mp 184.6-187.5° (lit." mp 
189-190°); 3.8% yield; nmr (CDCl,) 1.15 (6H,d, J = 6Hz), 
4.01 (14 H), 6.90-8.0 (6 H, m); m/e (rel intensity) 386 (10), 221 
(2). 194 (2), 180 (2), 165 (100), 137 (3), 122 (2), 

B. — a-Bromo-3,4-dimethoxypropiophenone (5, 2.73 g, 10 
mmol), copper powder (2.73 g, 43 mmol), benzene (20 ml), 
and diphenyl ether (20 ml) were stirred together under a nitrogen 
atmosphere and solvent was distilled until the reaction tempera- 
ture reached 150°. The reaction mature was stirred at 150* for 
18.5 hr; then it was filtered and the filtrate was chromatographed 
on activity I neutral alumina. Diphenyl ether was eluted with 
benzene, the crude diketone was eluted with benzene-ether 
(19:1 through 1:1) and more polar products were eluted with 
ethyl acetate. Crystallization of the diketone fraction gave fine 
white needles of 7, mp 186-190* (137 mg, 7.1% yield). Treat- 
ment of the mother liquors plus the ethyl acetate eluates with 
boilmg ethanolic hydrochloric acid gave crude crystals of 8, mp 
169.5-170.5° (lit." mp 169-170°), 376 mg (20.4% yield). 

3,4-Dimethyl-2,5-bis(3,4-dimethoxyphenyl)furan (8). A.— 
A solution of t?ie5o-2,3-bis(3,4-dimethoxybenzoyl)butane (7, 24 
mg) in 10% ethanolic hydrochloric acid (5 ml) was refluxed for 
15 min and cooled to provide colorless crystals of 8, mp 169- 
170.5° (lit." mp 169-170°), 20 mg (87.4% yield). 

B .—To a boiling solution of rac-2,3-bis(3,4-dimethoxybenzoyl)- 
butane (9, 38.6 g, 0.10 mol) in dichloromethane (100 ml) was 
added a 1% solution of hydrogen chloride in methanol (250 ml) 
slowly with continued boiling. After about 5 min crystals 
separated, and after the durry was chilled a first crop was ob- 
tained, mp 170-171*, 30.20 g (82% yield). Concentration of the 
mother liquors afforded a second crop, mp 169.5-170.5*, 4.66 g 
(12.4% yield), and a third crop, mp 168.2-170.0*, 0,54 g (1.5% 
yield). 

Racemic 2,3-BiB(3,4-dimethoxybenzoyl)butane (9). — To liquid 
ammonia (approximately 50 ml) was added powered ferric chlo- 
ride (50 mg), then small pieces of sodium (0.51 g, 0.022 g-atom, 
10% excess) were added and the blue color was allowed to dis- 
sipate over about a 20-min period. To the resulting gray suspen- 
sion of sodamide was added solid 3,4-dimethoxypropiophenone 
(4, 3.88 g, 0.02 mol) in small portions and the mixture was 
stirred for about 5 min. Solid a-bromo-3,4-dimethoxypropio- 
phenone (5, 5.46 g, 0.02 mol) was then added in small portions 
to the gray-green mixture, and the reaction mixture turned deeper 
green, then reddish, and finally tan colored. After the mixture 
was stirred for 1 hr, solid ammonium chloride (2.68 g) was added, 
followed by dichloromethane (30 ml), and the gray mixture was 
then warmed cautiously to room temperature to evaporate most 
of the ammonia. The mixture was filtered with suction, the 
residual solids were extracted twice with dichloromethane, and 
the combined filtered solutions were concentrated to about 50 
ml in volume, diluted with methanol (75 ml), and further con- 
centrated to about 50 ml in volume by boiling. The product 
crystallized on stirring and cooling, mp 137-141', 6.96 g (90.3% 
yield). Recrystallization from methanol provided an analytical 
sample: mp 14&-146°; w (KBr) 3080, 1665, 1593, 1585, 
1515, 1265, 1245 cm-»; nmr (CDCl,) 6 1.33 (6 H, d, ^ =• 7 Hz), 
3,92 (14 H, *'d"), 6.9-8.0 (6 H, m); mass spectrum m/e 386 
(11), 221 (2), 194 (<1), 180 «1), 165 (100), 137 (3). 122 (4). 

Anal. Calcd for C„H«0«: C, 68.37; H, 6.78, Found: C, 
68.16; H, 6.83. 

Base-Catalyzed Equilibration of Diketones 7 and 9,— A mixture 
of 7 (50 mg), methanol (20 ml), benzene (5 ml), ethanol (20 ml), 
and sodium methoxide (62 mg) was boiled gently for about 1 hr 
and then stored at room temperature overnight. The solution 
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was boiled down to a volume of 15 ml, powdered magnesium 
sulfate (100 mg) was added to neutralise base, the mixture was 
filtered, and the filtrate was reduced to dryness under reduced 
pressure. Extraction of the residue twice with chloroform and 
removal of the solvent left a residue (48 mg) which was analyzed 
by nmr spectrometry (100 MHz), using the signals at 3 1.16 ppm 
(compound 7) and 1.33 ppm (compound 9) to determine the 
ratio of 9:7, which was 1.87. 

Similarly, 9 (50 mg) gave a mixture (48 mg) with a ratio of 
9:7 - 2,17. 

a-Chloro-3,4-dimethoxypropiophenone (6). — A solution of «- 
chloropropionyl chloride (50.1 g, 0.39 mol) in chloroform (50 ml) 
was added to a stirred slurry of anhydrous aluminum chloride 
(66.5 g, 0.50 mol) in chloroform (300 ml), while the temperature 
of the mixture was maintained at —3 to 0^. A solution of vera- 
trole (41.4 g» 0.30 mol) in chloroform (40 ml) was then added 
dropwise wMle the same temperature was maintained. The dark 
solution was stirred for 4 hr at 0-5*, then for 1 hr at room tem- 
perature. Hydrochloric acid (3 N, 300 ml) was added very cau- 
tiously with ice-bath cooling, and the mixture was extracted and 
washed as described for compound 4 to afford 55 g of dark brown 
liquid. Column chromatography over activity I neutral alumina 
(600 g) afforded a fraction (6.47 g, eluted with hexane-benzene 
and benzene-chloroform mixtures) which solidified. Crystalliza- 
tion from hexane-benzene gave colorless needles (6.4 g, mp 
57-60*). An analytical sample had mp 58.5-60.5*', w (KBr) 
1692 cm->. 

Anal Calcd for CuH„C10,: C, 57.78; H, 6.73; CI, 15.50. 
Found: C. 67.80; H, 6.47; 01, 15.41. 

2,4-Dimethyl^,5-bi8(3,4-dimethoxyphenyl)fura& (11). — A so- 
lution of the enolate of 4 (3.88 g, 0.02 mol) was prepared in 75 
ml of liquid ammonia as described above. The chloro com- 
pound 6 (4.57 g, 0.02 mol) was added rapidly and the reaction 
mixture was stirred for 5 hr. After addition of solid ammonium 
chloride (1.2 g) and dichloromethane (50 ml), the ammonia was 
allowed to evaporate. Extraction with dichloromethane gave a 
green, vbcous liquid (8.7 g), the hexane-insoluble fraction of which 
was triturated with methanol to give a solid (0.935 g, mp 154- 
157®). Recrystallization from methanol afforded an analytical 
sample: mp 158-160*; ^m•x (MeOH) 290 nm (« 26,830), inflec- 
tion 233 (18,950); nmr (CDCU) « 2.17 (3 H, s), 2.35 (3 H, s). 
3.90 and 3.95 (6 H. 2 s), 7.0 (6 H. m). 

Anal. Calcd for CHtiOj: C, 71.72; H. 6.57. Found: C, 
71,87; H, 6.64. 

3,4-Dimethoxyacetophenone (13). — By the same procedure 
used for the preparation of 4, veratrole was acetylated to 13 in 
82% yield, mp 48-50** (from benzene-hexane) (lit.«> mp 48*'). 

a-Bromo-3,4-dimethoxyacetophenone (14).— Treatment of 13 
(18.0 g, 0.10 mol) in chloroform (75 ml) with a solution of bromine 
(16.3 g, 0.102 mol) in chloroform (25 ml) at 25° gave 16.5 g 
(64% yield) of crude 14. An analytical sample recrystallized 
from benzene-hexane had mp 80-81' (lit." mp 80-81*). 

l,2,3-Tri8(3,4-dimethoxybeiuoyl)propane (15), — A suspension 
of sodamide in liquid ammonia (50 ml) was prepared from sodium 
(0.51 g. 0,022 mol), and 13 (3.60 g, 0.02 mol) was added in small 
portions, followed by 14 (5,18 g, 0.02 mol). The mixture was 
stirred at —33° for 3 hr and worked up in the usual manner to 
afford 10 g of dark, viscous liquid, which was chromatographed 
over 250 g of neutral alumina. Several fractions solidified and 
were combined and crystallized from benzene-hexane to afford 1 
g of 15: mp 174-175"; v^^ (KBr) 1680 cm"^ (broad); Xoutx 
(CH,OH) 229, 276, 306 nm (« 49,000, 33,520. 27,310); nmr 
(CDCli) 3.39 (4 H, q, / - 7, y 3 Hz). 3.88 and 3.93 (18 H. 
2 s), 4.75 (1 H, t, / « 7 Hz), 6.8-8.0 (9 H, m); mass spectrum 
m/e 165 (base peak), 370 (M - ArCO, H), 536 (M+). 

Anal. Calcd for CoHmOj: C, 67.15; H, 6.01. Found: C. 
67.11; H. 6.01. 

irarw-l,2,3-Tris(3,4-dimethoxybenzoyl)cyclopropane (15).— 
Fractional crystallization from the mother liquors of 15 afforded 
150 tng of a second compound, 16: mp 202—204*; I'm** (KBr) 
1660 cm-» (broad); Xm« (CHaOH) 230, 280, 312 nm (e 33,400, 
24,530, 23,940); nmr (CDCU) « 3.7-4.3 (21 H, m, with three 
strong singlets for -OCH,), 6.8-8.1 (9 H, m); mass spectrum 
m/e 165 (base peak), 369 (M - ArCO), 534 (M+). 

Anal. Calcd for C,oH|oOt: C» 67.40; H, 5.66. Found: C, 
67,61; H, 5.61. 



(22) H. Stephen and C. Welsmann, /. CAsm. Soc, 109, 1040 (1914). 
(33) C. Mnnnicb and F. L. Hahn. fier.. 44, 1M2 (1911). 



Racemic 2 ,3-Dlmethyl- 1 ,4-diphenyl- 1 ,4-butanedlone (22 ) . — 

Propiophenone (13.8 g, 0,1 mol) was added to a suspension of 
sodamide (0.13 mol) in liquid ammonia (200 ml) and stirred for 
15 min before addition of a-bromopropiophenone (21.3 g, 0.1 
mol). The reaction mixture was stirred for 30 min and the am- 
monia was replaced with methylene chloride. Extraction with 
methylene chloride gave 26 g of dark-colored liquid which was 
chromatographed over 100 g of Florisil. Elution with hexane- 
benzene mbctures gave a solid which after recrystallization from 
hexane weighed 10.0 g: mp 86-87*;«< v^t^x (KBr) 1680 cm--»; 
nmr (CDCla) « 1.27 (6 H, d, / « 6 Hz), 3.75 (2 H, m), 7.2-8.0 
(10 H, m); mass spectrum m/e 266 (M+). 

Anal. Calcd for ChHmOi: C, 81,17; H, 6.81. Found: C, 
80.90; H,6.89. 

Boiling 22 in methanolic hydrogen chloride for a few minutes 
converted- it to 2,6-diphenyi-3,4-dimethylfuran, mp 114-115* 
(lit.* mp 116*), in good yield. 

a-Bromo-p-methozypropiophenone (21). — Bromination of p- 
methoxypropiophenone in refluxing chloroform provided 21 in 
86% yield, mp 66-69° (from methanol) [lit,«* mp 68.5* (petro- 
leum ether, bp 30-60*)). 

Racemic 2,3-Bi8(p-methoxyben2oyl)butane (23).— The con- 
densation of p-methoxypropiophenone (16.4 g, 0.10 mol) with 21 
(24.3 g. 0,10 mol) was carried out as described for compound 22 
above. The product was crystallized from methanol to afford a 
cream-colored solid (22.1 g, 67% yield), mp 116-121*. An 
analytical sample melted at 124-127*: fm« (KBr) 1660 cm"*; 
nmr (CDCl,) 5 1.30 (6 H, d, / = 6 Hz), 3.9 (8 H, strong s over 
m), 7.0 and 8.1 (8 H, aromatic AA'BB' pattern); mass spectrum 
m/e 135 (base peak), 326 (M*^). 

Anal Calcd for C^oHmO*: C, 73.60; H, 6.79. Found: C, 
73.80: H, 6.64. 

oW-cw-3,4-Dimethyl-2,5-bi8(3,4-dimethoxyphenyl)tetrahydro- 
furan (25). — Hydrogenation of the furan 8 (36.8 g, 0.1 mol) over 
10% palladium on calcium carbonate catalyst (5.0 g) in ethanol 
(1000 ml) at 125* under 1500 psig hydrogen for 3 hr, followed by 
filtration and removal of solvents, gave a white solid (35 g) which 
on recrystallization from methylene chloride-methanol gave a 
first crop, mp 127.5-130.0* (29.86 g, 80.4% yield). Concentra- 
tion of the mother liquors gave a second crop, mp 125.5-128,0* 
(2.54 g, 6.8% yield), and a third crop, mp 124.5-127.5* (0.47 g, 
1.3% yield). An analytical sample had mp 181-132* (lit." mp 
132-133**); nmr (CDCl,) 8 0.62 (6 H. d, / « 7 Hz). 2.70 (2 H, 
m), 3.94 (12 H, s), 5.19 (2 H, d, 7 « 6.5 Hz), 7.0-7.17 (6 H, m). 

Hydrogenations of 8 and 25. General Procedure. — A mixture 
of the compound to be reduced (0.2-3.68 g), catalyst (usually 
0.2 g), and solvent (50 ml) was stirred magnetically under an 
atmosphere of hydrogen at the desired temperature. After 
filtration of the spent catalyst, the filtrate was examined by gas 
chromatographic analysis. For isolation of crude NDGA tetra- 
methyi ether (2), the solvents were removed and the residue was 
crystallized from 10-20 times its weight of hexane. 

NDOA Tetramethyl Ether (2). A. From 8.— The furan 8 
(33.3 g, 90.5 mmol) in THF (500 ml) was hydrogenated over 
powdered palladium oxide (2,0 g) at 50* (1500 psig) for about 10 
hr. Gas chromatographic analysis indicated 77.8% of 2 in the 
crude filtrate. Removal of solvent and crystallization of the 
residue (33.7 g) from hexane (550 ml) gave crude 2, mp 91.5-95* 
(25.4 g, 78% yield). 

B. From 25.— Compound 25 (745 mg, 2 mmol) in THF (50 
ml) was hydrogenated over powdered palladium oxide (200 mg) 
at 25* (1 atm) for 46 hr. Gas chromatographic analysis indicated 
78.5% of 2 in the crude filtrate. Removal of solvent and crystal- 
lization of the residue (848 mg) from hexane gave crystalline 2, 
mp 93-95* (543 mg, 76% yield). 

C. From 8, Using Palladium Chloride.— The furan 8 (4.00 
g), palladium chloride (0.40 g), and sodium acetate (0.46 g) in 
tetrahydrofuran (100 ml) were shaken in a rocking autoclave at 
75* under hydrogen at 50 psig for 10 hr. Gas chromatography 
indicated a yield of 79% of 2, 85% of which could be isolated as 
described above. 

NDGA (1) from 2.— Concentrated hydrobromic acid (860 g) was 
added under nitrogen to 2 (71.56 g, 0.201 mol) and the mixture 
was stirred and r&uxed for 9 hr and allowed to cool to room 



(24) The meso Isomer raelte at 87": A. WoU. German Patent 876.237 
(May 11, 1953); Chtm. Ahtir., 08, 92276 (1958). 

(25) R. E. Luu and R. J. Taylor, /, iimtr. Chtm. Soc, 50, 1593 (1933), 

(26) C. Hell and A. Hollonberg, Btr., 083 (1890). 
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temperature overnight with continued stirring. The dark- 
colored solid product, collected by filtration, washed with water, 
and dried, had mp 174-182** (59.27 g, 97.5% yield). Recryatal- 
lization from about 1600 ml of 20% aqueous acetic acid with 
charcoal treatment gave a much lighter colored, but still gray- 
brown, crystalline product, rap 184-186*' (45.74 g) (77% re- 
covery, 75% yield). A second recrystallization with charcoal 
gave light tan crystals, mp 184-185.3° (91% recovery). After 
a third recrystaUization the cream-colored crystals (95% re- 
covery) had mp 184.5-186*, identical in all respects with purified 
natural NDGA, mmp 184-186'. 

The overall yield of thrice-recrystalUzed product was 65%, 
No product of satisfactory quality could be recovered from the 
mother liquors. 

Monoalcohol 28.— Sodium (4.37 g, 0.19 mol) was added to 
anhydrous liquid ammonia (L.l 1.) and stirred under reflux under 
a nitrogen atmosphere. After 1 hr a solution of the tetrahydro- 
furan 25 (18.6 g, 50 mmol) in THF (500 ml) was added. After 
2.5 hr of stirring under reflux the ammonia was removed by 
warming the reaction mixture to room temperature. Addition 
of methanol (10 ml) and then water (400 ml), followed by extrac- 
tion with chloroform, washing with water, drying over sodium 
sulfate, and removal of solvents, gave the crude product (22,0 g), 
which was crystallized from methanol to afford white crystals of 
28, mp 107.5-109" (16.34 g, 43.7 mmol, 87.4% yield). A second 
crop was collected to give a total of 17.96 g (48 mmol, 96% yield). 
An analytical sample was recrystallized from benzene-hexane: 
mp 110-11 1.3^• (KBr) 3570, 1258, 1238, 1135, 1130, 1025 
cm-»; Xa»« (CH,OH) 229, 269, 286 m^ (• 16,553, 5824, 4883); 
nmr (CDCl,) 6 0.84 (3 H, d, / « 6 Hz), 1.10 (3 H, d, y - 6 Hz), 
1.80 (2 H, m), 1.98 (1 H, broad e, exchangeable with D,0), 2.10 
(1 H, q, = 13, « 10 Hz), 2,82 (1 H, q, 7, « 13, = 3 
Hz), 3.70-4.17 (12 H « 4 CH,0), 4.70 (1 H, d, / = 6 Hz), 
6.40-7.00 (6 H, m). 

Anal Calcd for CuHjoOa: C, 70.66; H, 8.08. Found: C, 
70.74; H, 7.96. 

Racemlc Isogalbulin 27. — A slurry of 28 (2.52 g, 6,72 mmol) in 
ethanol (18 ml) was treated with concentrated hydrochloric acid 
(3 ml) and stirred for 4.5 hr at room temperature. The solution 
was poured into water and extracted with ether to give a crude 
product (2.84 g) which was crystallized from methanol with 
cooling. RecrystalUzation from hexane provided 1.71 g (4.8 
mmol, 72.4%) of 27 as a white solid, mp 66.6-72*'. An analytical 
sample was recrystallized successively from hexane, ethanol, and 
methanol: mp 70.5-72.5' (lit." mp 86*); ^m., (KBr) 1470, 1262, 
12.=)0, 11.50. 1140, 1109 cm-»; (CHjOH) 204, 232, 282, 287 
m/i (« 62,7.50. 16,500, 7100, 6600); nmr (CDC1») d 0.97 (6 H, d, 
/ = 7 Hz). 2.0 (4 H, m), 3.67-4.10 (13 H, m), 6.71 (5 H, m). 

Anal. Calcd for CtiHtfO*: C. 74.13; H, 7.92. Found: C, 
73.86; H, 7.83. 



Monoacetate 29.— To an ice-cold mixture of acetic anhydride 
(10 g) and pyridine (10 g) was added 28 (3.74 g, 10 mmol) and 
the mixture was stirred for 5 min before being aUowed to warm 
to room temperature. After 2 hr the mixture was poured into 
water (200 ml), extracted with chloroform, washed with water, 
dried, and freed of solvent. The crude product (4.59 g) was 
crystallized from methanol to give 671 mg of starting material. 
Second and third crops gave a total of 2.75 g (6.62 mmol, 80.6% 
corrected yield) of 29, mp 77-82*. 

An analytical sample was recrystallized from hexane: mp 
80-82^• (KBr) 1760, 1270, 1240, 1155, 1135, 1030 cm"*; 
Xnux (CH,OH) 229, 278, 285 m^i (e 14,100, 4850, 3900); nmr 
(CDCls) « 0.80 (3 H, d, / « 6 Hz), 1.07 (3 H, d, / « 6 Hz), 
2.07 (3 H,,s), 2.50 (4 H, m), 3.78-3.90 (12 H - 4 OCH,), 5.80 
(1 H, d, / = 8 Hz), 6.71 (6 H, m). 

Anal Calcd for Ct4H,,0«: C» 69.21; H, 7.74. Found: C, 
69.48; H, 7.82. 

All subsequent experiments gave a dimorphic form of 29, mp 
100-102'*, the solution spectral properties of which were identical 
with those of the lower melting acetate. The lower melting 
dimorph was converted to the higher melting one by recrystal- 
lization from hexane and seeding with the higher melting solid. 
However, conversion of the higher melting to the lower melting 
dimorph could not be achieved. 

Hydrogenolysis of 29. — A mixture of 29 (1.045 g, 2.5 nunol), 
ethyl acetate (50 ml), and powdered palladium oxide (100 mg) 
was hydrogenated at room temperature and 1 atm for 22 hr. 
Filtration and removal of solvent gave 1.015 g of oil which was 
crystallized from hexane to give 0.703 g (1.96 mmol, 79 7o) of 
crude 2 as a white solid, mp 93-95.5''. Gas chromatographic 
analysis of the sample showed that it contained 90.3% 2 and 
9.7% 27. 

Registry No.— 1, 27686-84-6; 2 , 24150-24-1; 3, 
36287-35-1; 6, 36287-36-2; 7,36287-37-3; 9,27686-81- 
3; 11,36287-39-5; 15,36287-40-8; 16,36287-41-9; 22, 
36287-42-0 ; 23, 36208-08-9; 25,27686-82-4; 27,36286- 
72-3 ; 28, 36286-73-4 ; 29, 36286-74-5. 
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New Soluble-Foraiazan Assay for HIV-1 
Cytopathic Effects: Application to High-Flux 
Screening of Synthetic and Natural Products 
for AIDS- Antiviral Activity 
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We have developed an effective and optimally safe micro- 
culture method for rapid and convenient assay of the in 
vitro cytopathic eflfects of human immunodeficiency virus 
(HIV-1) on human lymphoblastoid or other suitable host 
cells. The assay procedure is applicable to the evaluation of 
drug effects on in vitro infections induced directly in cul- 
tured host cells by cell-free HTV-l or by coculture with H9 
cells chronically Infected with HIV-1. The assay uses a newly 
developed tetrazolium reagent that is metabolically reduced 
by viable cells to yield a soluble, colored formazan product 
measurable by conventional colorimetric techniques. This 
simple microassay minimizes the number of plate manip- 
ulations typically required with other assay methods and, 
coupled with computerized data collection and analysis, fa- 
cilitates large-scale screening of agents for potential antivi- 
ral activity. To support and enhance the discovery of new 
anti-HIV-1 agents, the National Cancer Institute is offering 
investigators worldwide the opportunity to submit new can- 
didate agents for anti-HIV-1 screening with this method. [J 
Natl Cancer Inst 81:577-586, 1989] 



Screening is an essential tool for new drug discovery. 
The use of a relatively simple in vitro assay was critical to 
the early identification of 3'-a2ido-3'-deoxythymidine (AZT), 
the first new antiviral drug with demonstrable therapeutic ef- 
ficacy in acquired immunodeficiency syndrome (AIDS) (Jf,2). 
However, since the discovery of AZT, relatively few new 
nonnucleoside classes of compounds that interfere with repli- 
cation and/or cytopathic effects of human immunodeficiency 
virus (HIV- 1) have been discovered. Current antiviral screen- 
ing strategies typically depend on analysis of viral antigen 
synthesis {3,4) or reverse transcriptase activity (J). Although 
^hese methods are sensitive, they involve relatively lengthy 
procedures and do not simultaneously provide a quantita- 



tive measure of drug cytotoxicity that would allow estima- 
tion of an in vitro ''therapeutic index.** Techniques that do 
provide direct, quantitative determination of HIV-1 -induced 
cytopathic effects typically require time-consuming macro- 
scopic observation of plaque formation (($) or microscopic 
observation of cell viability (7,5) or syncytium formation 
(9 JO). Consequently, these techniques may not be useful for 
large-scale screening of potential antiviral compounds. 

As part of the response of the National Institutes of Health 
(NIH) to the AIDS epidemic, the Developmental Thera- 
peutics Program, Division of Cancer Treatment, National 
Cancer Institute (NCI), has undertaken the development of 
a project for large-scale drug screening that would allow 
greatly expanded testing of synthetic and natural products 
for anti-HIV-1 activity (77). This screening program is in- 
tended to serve as a national resource, permitting scientists 
from academic or industrial settings worldwide to submit 
novel compounds for screening. The screen will also be used 
extensively to search for new potential anti-HIV-1 com- 
pounds from the NCI repositories of synthetic and natural 



"Received January 12, 1989; accepted January 23, 1989. 

Supported in pan by Public Health Service contract NOlCO-74102 from 
the National Cancer Institute, National Institutes of Health, Department of 
Health and Human Services. 

O. S. Weislow, R. Riser, and D. L, Fine, Research Support Program, Pro- 
gram Resources, Inc., National Cancer Institute-Frederick Cancer Research 
Facility, Frederick, MD. 

J. Bader, R, H. Shoemaker, and M. R. Boyd, Developmental Therapeutics 
Program, Division of Cancer Treatment, National Cancer Institute, National 
Institutes of Health, Bethesda, MD. 

We thank Drs. R. Gallo, S. Broder, and B. Chabner for reviewing the 
manuscript. 

* Correspondence to: Michael R. Boyd, M.D., Ph.D., Office of the Associate 
Director for Developmental Therapeutics, Division of Cancer Treatment, 
National Cancer Institute, Executive Plaza North, Room 843, Bethesda, MD 
20892. 



81, No. 8, April 19, 1989 



ARTICLES 577 



products. Establishment of a high-flux drug screen with the 
potential to accommodate as many as 40,000 or more sam- 
ples per year has required the development of a simple, 
automated method consistent with procedures for safe handl- 
ing of HIV-l. 

Assays based on the metabolic reduction of 3- 
(4^-dimethylthiazol-2-yl)-2^-diphenyltetrazolium bromide 
(MTT) have been used to measure virus-induced cyto- 
pathic effects (12 J 3) and cell proliferation (14), The 
cellular reduction of MTT results in the formation of a 
colored, insoluble formazan product. For quantitative es- 
timation of cell growth and viability, the formazan must 
be solubilized prior to colorimetric determination. For non- 
adherent cell preparations, centrifugation may also be re- 
quired. We describe a new, simplified, tetrazolium-based as- 
say that we have derived from methods recently developed 
for in vitro antitumor screening (15J6). This assay uses 
the new tetrazolium reagent 2,3-bisl2-methoxy-4-nitro-5- 
sulfophenyl]-5-[(phenylamino)caibonyl]-2H-tetrazolium hy- 
droxide (XTT) and cell lines sensitive to the lytic effects of 
replicating HIV-l. The assay detects drug-induced suppres- 
sion of viral cytopathic effects by generation of a soluble 
formazan (XTT formazan) (fig. 1) in surviving cells. 



Materials and Methods 

Cells and Viruses 

CEM-SS cells were obtained from Peter Nara (10)\ MT-2 
cells transformed with HTLV-I (6), from Douglas Rich- 
mond; C3-44 cells transformed with HTLV-II, from William 
Mitchell (1 7); and LDV-? cells, from Robert Gallo. The suit- 
ability of various T-lymphocytc-derived cell lines for inclu- 
sion in the microculture XTT antiviral assay was initially 
determined on the basis of their sensitivity to the lytic ef- 
fects of HIV- 1 infection. Other criteria were the abilities of the 
cells to metabolically reduce XTT to measurable quantities 
of XTT formazan and to show increased XTT formazan pro- 
duction due to inhibition of virus infection by an agent. More 
recently, cell lines have also been evaluated for use on the 
basis of their relative ease of growth; for example, the ability 
to grow in the absence of interleukin-2. All cells are grown 
in RPMI-1640 medium plus 10% fetal calf serum with 50 Mg 
of gentamicin/mL. To ensure consistency of target-cell sen- 



sitivity to virus and drug, cells are routinely replaced eveiy 
2 months from frozen stocks. Similarly, virus-producing H9 
cells used in the cocultivation (cell-to-cell) assay described 
here are discarded and replaced with freshly infected cells 
every 2 months. 

Virus stocks were prepared in H9 cells. The viability of 
chronically infected H9 cell cultures and their capacity to 
produce high virus titers were enhanced by (a) maintenance 
of the cultures in the exponential phase of growth and (b) pe- 
riodic addition of log-phase, uninfected H9 cells. In the stan- ■ 
dard procedures for the maintenance of H9 cells, we used 
our modification of a protocol suggested by P. Nara (per- 
sonal communication). Once a week, we divided cultures of 
H9 cells that were producing HIV-l (111^ or RF variants). 
We diluted stock cell cultures 1:5 or 1:10 to yield a final 
concentration of 1 X 10^ cells/mL. At the time the cultures 
were divided, one-fifth of the volume of infected cells was 
replaced with an equal volume of uninfected cells. Three 
days after the split, 20% of the medium was replaced with 
fresh medium, and 2 days after the addition of uninfected 
cells, virus-containing supernatants were harvested by cen- 
trifugation at 3,000 rpm for 15 minutes at 4 °C. Aiiquols 
(1 mL) of the supernatants were frozen in liquid nitrogen 
for later use. We titrated virus slocks using a 4-day syn- 
cytium assay as previously described (10). Highly infectious, 
virus-producing H9 cells were maintained for the cocultiva- 
tion assay by daily 50:50 dilution of the cultures described 
here in fresh medium. The syncytium assay of Nara et al. (70) . 
was used for quantitation of the number of virus-producing 
cells in the infected H9 culture; 80%-90% of these cells were 
producing virus. Typical concentrations of infectious virus 
are 3 X lO'* syncytium-forming units (SFU)/mL for the in^, 
variant of HIV-l and 5 X 10^ SFU/mL for the RF variant. 

Sensitivity to the lytic effects of HIV-l infection was de- 
termined in preliminary experiments for each host cell line 
by titrations of cell-ft^e virus or H9 cells chronically in- 
fected with HIV-l. For the cocultivation studies, the final 
VIC (quantity of virus-infected cells added) was the lowest 
number of infected cells that yielded at least 70% uniform 
suppression of XTT formazan production in host cells in 7 
days. This was accomplished with a VIC of 400 infected H9 
cells per well in CEM-SS or LDV-7 hosts and 100 infected 
H9 cells per well in MT-2 or C3-44 hosts. For the stud- 
ies of cell-free virus infections, the amount of virus added 
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Figure 1. Chemical 
structures of XTT (col- 
orless) and XTT for- 
mazan (orange). 
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was such that the final multiplicity of infection (MOI; ra- 
tio of number of infectious virus particles/number of target 
cells) was the lowest MOI yielding 70% suppression of XTT 
formazan production in host cells in 7 days. In the cell-free . 
virus assays, the MOIs, which were established by syncytium 
analysis, were 0.1 for CEM-SS and LDV-7 hosts and 0.01 
for MT-2 and C3-44 hosts. 

Drugs 

AH compounds were provided by the Developmental 
Therapeutics Program, Division of Cancer Treatment, NCI. 
Slock solutions were prepared in 100% dimethyl sulfox- 
ide at the highest achievable concentration for each agent. 
Initial drug dilutions (1:400) resulted in a maximum cul- 
ture concentration for dimethyl sulfoxide of 0.25%, which 
had no apparent direct toxic effects on the cell lines used 
or the HIV-1 infection. Compounds used in these studies 
included AZT; 2',3'-dideoxyadenosine; 2',3'-dideoxyihosine; 
2',3'-dideoxycytidine; dextran sulfate; castanospermine; pep- 
statin; aurintricarboxylic acid; suramin; and cyclosporine. 

XTT Assay 

We performed extensive evaluation of two antiviral 
screening protocols (fig. 2) derived from methods recently 
described for antitumor assays with XTT (75). Our proto- 
cols were developed from preliminary evaluations of cell 
growth characteristics in microliter trays; virus sensitivities; 
and drug-dilution protocols (data not shown). These initial 
studies were required to ensure that there would be sufficient 
time during the test (a) for the virus to kill the target cells 
or otherwise modulate cell growth, (fr) for the anti-HIV-1 
compound to be effective, and (c) for determination that 
the growth of the cells, and thus XTT formazan produc- 
tion, which IS read as optical density, would not exceed the 
measurement limits for the photometers used. 



Figure 2A illustrates the protocol that uses chronically in- 
fected H9 cells as the virus source. Infectivity of the H9 
line was maintained by periodic dilution of the infected cul- 
ture with uninfected log-phase H9 cells as described here. 
Uninfected host cells are mixed with different numbers of 
HIV- 1 -infected or uninfected H9 cells and dispensed in 
lOO-/iL aliquots to appropriate wells of a microliter tray 
containing lOO-^L dilutions of test compounds or media. 
Seven days after distribution of infected cells to the microliter 
trays, we add to each well 50 fxL of a mixture of 1 mg of 
XTT/mL and 0.01-0.02 mAf iV-methylphenazonium metho- 
sulfate (75). Details of the synthesis of XTT have been re- 
ported previously (76), and the reagent is now commercially 
available (Polysciences, Warrington, PA). The trays are rein- 
cubaled for ah additional 4 hours to allow for XTT formazan 
production; their plastic covers are then replaced with adhe- 
sive plate sealers (Dynatech, Alexandria, VA), the contents 
of each plate are mixed, and optical densities are determined 
with a V-max photometer (Molecular Devices, Inc.) at a 
test wavelength of 450 nm and a reference wavelength of 
650 nm. Uninfected cells or cells that are protected by drugs 
and have continued to proliferate produce the soluble orange 
XTT formazan (fig. 3A), and the cultures yield high optical 
densities (ODs). Cells not protected by drugs are killed by 
the virus and/or do not proliferate; they produce less XTT 
formazan and thus yield lower optical densities. Data are ex- 
pressed as percent of XTT formazan from untreated control 
cells, as determined by the following equation: % of untreated 
control XTT formazan = (test OD/control cell OD) X 100. 

Drugs are further compared on the basis of the concen- 
tration that increases XTT formazan production in infected 
cultures to 50% of that in untreated, uninfected control cells 
(EC50; protection in infected cells) or the concentration that 
inhibits XTT formazan production in uninfected cultures to 
50% of that in untreated, uninfected control cells (IC50; cyto- 
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Figure 2. Time lines of critical events in 
drug-screening protocols. 10* target cells in- 
fected with cell-free vims (A) or 400 H9 
cells infected with HIV-1 (B) are added to 
dilutions of test compounds in 96-wcll trays. 
Trays are incubated at 37 in air plus 
5% CO, for 7 days. A mixture of XTT and 
/V-methylphenazonium mcthosulfate (PMS) is 
added at the end of this incubation, and plates 
are reincubaled for 4 hr to permit color de- 
velopment (XTT formazan production) as de- 
scribed in Materials and Methods. 
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Figure 3. Relationships of XTT 
formazan production to cell viabil- 
ity and synthesis of infectious vims. 
CEM-SS cells (10<) were mixed 
with H9 cells (400/wclI) infected 
with HIV- 1 (Hlb) or uninfected 
Samples were taken from triplicate 
wells for assays of XTT formazan 
and infectious virus at 24-hr inter- 
vals for 7 days (A). Samples were 
also taken at these intervals for try- 
pan blue dye exclusion analysis of 
cell viability (B) as described in 
Materials and Methods. 




toxicity in uninfected cells). These calculations are performed 
by simple linear interpolation. 

Figure 2B illustrates the procedures used for cell-free virus 
infection and drug screening. Following pretreatment with 
1-2 fig of hexadimelhrine bromide (Polybrene)/mL, pelleted 
cells are incubated in 100-200 of medium with cell- 
free virus for 1 hour in 50-mL conical centrifuge tubes at 
37 ®C in air plus 5% COj. Infected cells are distributed 
in 100-^L aliquots (containing lO'* cells) to round-bottom 
microtiter trays containing, when required, 100 /xL of diluted 
test agents or media; they are then reincubated. After 7 days 
of incubation, the assay is completed as described for the 
cocultivation assay. 



Syncytium and p24 Assays 

We accomplished correlation of XTT formazan produc- 
tion with HIV-1 internal core p24 antigen synthesis using a 
p24 antigen-capture assay (Du Pont Co., Wilmington, DE). 
Culture fluids harvested from drug test plates or other sources 
were diluted 1:100 in 10% triton X-100 and stored frozen 
at —70 ^C until they were required for assay. Aliquots (200 
mL) of the triton-treated samples were added in duplicate 
to microtiter wells previously coated with rabbit polyclonal 
anti-HIV-1 p24 serum and incubated at room temperature 
overnight. After washing and blotting, 100 nL of biotiny- 
iated polyclonal amti-HIV-l p24 was added to each of the 
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appropriate wells, and the plates were reincubated at 37 
for 60 minutes. A solution of streptavidin-horseradish perox- 
idase was added after additional washing and blotting. The 
contents of each plate were mixed and reincubated for 15 
minutes at room temperature and, after washing and blot- 
ling, the o-phenylenediamine dihydrochloride substrate was 
added in lOO-^L aliquots. Color was allowed to develop in 
the dark at room temperature for 30 minutes, and the reac- 
tion was halted by the addition of 4 NUi^O^, Optical density 
was measured at 490 nm, and the concentration of p24 was 
determined by comparison with a standard curve of known 
concentrations of p24. 

The syncytium assay described by Nara et al. {10) was 
used for quantitation of infectious virus, Supematants from 
test plates (40 /nL) were examined in CEM-SS cell mono- 
layers at multiple dilutions to obtain countable levels of 
SFU (50-200 SFU/well) in 4 days. Data were expressed as 
SFU/mL. Cell-free virus stocks were also titrated by this 
method. 

Quality Controls 

The screening of diverse compounds at the rate of 800 or 
more per week requires effective and efficient data accrual, 
storage, display, and analysis. Each screening test must be 
evaluated for uniformity and consistency with respect to ap- 
propriate quality controls. It is essential to promptly detect 
and correct problems that could have arisen in cell growth, 
virus-induced cytopathic effects, and positive controls. We 
have incorporated a number of quaUty control checks that 
permit computerized monitoring of all data for such poten- 
tial aberrances. Manual overrides are available, and all data 
are briefly scanned by the laboratory staff to ensure that qual- 
ity control standards are met. Although drugs are assayed in 
duplicate in the test plates, valid statistical data obtained in 
preliminary studies with three to six replicate wells per point 
indicate that well- to- well variation in the microculture XTT 
antiviral assay is generally <10%. As a quality control mea- 
sure, plates are discarded if this variation is >25%. Plates 
are also discarded if virus-induced cell killing decreases to 
<50% or if there is less than a twofold increase in XTT for- 
mazan production above background in control cells. Even 
when there is a quality control problem, if available data 
clearly indicate that a drug is not effective, negative results 
; are reported. An assay is also considered to be negative if mi- 
croscopic observations appear to indicate drug-induced an- 
tiviral protection by XTT formazan production but fail to 
:. show the presence of intact cells in two assays. Negative 
assays that pass all quality control requirements are not rou- 
j linely repeated. Assays are discarded if the positive control, 
I AZT, which is included in at least one assay in a series, fails 
1 to show the expected degree of protection; all drug assays 
with questionable data on the AZT control are repeated. 

i' 

; Results 

Initial Studies 

[: Basic protocols were established for infection of target 
. cells and drug treatment (fig. 2). Preliminary comparisons be- 



tween cocultivation (cell-to-cell) (fig. 2A) and cell-free virus 
(fig. 2B) modes of infection showed similar levels of protec- 
tion by AZT in MT-2 or CEM-SS cells (data not shown). 
Therefore, a majority of the initial feasibility studies used 
HIV-1 (nil,) *® convenient cocultivation assay protocol 
with chronically infected H9 cells as the virus source. 

Figures 3 A and 3B illustrate the relationships among XTT 
formazan production, synthesis of infectious virus, and cell 
viability in a 7-day cocultivation assay. In this- typical ex- 
periment, 10*^ CEM-SS target cells muted with 400 infected 
or uninfected H9 cells were added in triplicate to wells of 
individual microliter plates and assayed daily- for XTT for- 
mazan production and numbers of viable cells (trypan dye 
exclusion) as described. Supernatant samples (50 /iL) were 
taken daily from infected cultures, frozen in vapor-phase N2,. 
and subsequently tested as a group by syncytium assay for 
infectious virus. XTT formazan production began to plateau 
4 days after the start of culture (fig. 3A). However, the total 
number of viable cells per millihter in uninfected cultures, as 
determined by trypan blue dye exclusion (fig. 3B), continued 
to rise through day 7 of the culture despite a small decrease 
in the percentage of cell viability. The data suggest complex 
relationships among XTT formazan synthesis, cell viability, 
and virus synthesis in infected cell cultures. There were no 
evident differences in XTT formazan production in infected 
and uninfected cultures at the start of the incubation period 
(fig. 3A). XTT formazan synthesis in infected cultures ap- 
peared to be similar to that in uninfected controls from day 
1 to about day 4, but on day 5 of culture, synthesis in the 
infected cultures decreased to approximately 20% of that in 
the uninfected controls. 

The production of extracellular virus (fig. 3 A) paralleled 
XTT formazan synthesis in infected cultures, while the num- 
ber of viable cells per milliliter (fig. 3B) remained fairly 
steady through the 7-day period, rising to <5 X 10* cells 
per well by day 5, compared with 135 X 10^ cells per well 
in the uninfected controls. The percent of viable cells in in- 
fected cultures decreased to «*50% by day 6. There appeared 
to be a continual increase in the synthesis of infectious viri- 
ons (fig, 3A) that was independent of an apparent decrease 
in the number of viable host cells as measured by trypan 
blue dye exclusion. A possible basis for these apparent con- 
tradictions was revealed by microscopic observations of the 
cultures. Beginning 2 days after the start of culture, there 
was a gradual increase in the number of virus-induced multi- 
nucleated giant cells (syncytia), which resulted in a net de- 
crease in the number of single, viable cells over time (data 
not shown). It is conceivable that, initially, the formation of 
syncytia caused an apparent decrease in cell viability (deter- 
mined by trypan blue dye exclusion) without actually impact- 
ing virus synthesis. However, with time, HIV- 1 -induced cyto- 
pathic effects eventually result in the destruction of syncytia, 
suppression of XTT formazan production, and virion syn- 
thesis. 

Data derived from these initial experiments also indicated 
that background absorbance levels in cell-free, reagent con- 
trols were unacceptably high (optical density, 0.3-0.4; data 
not shown). Subsequent analysis suggested that a common 
component of media, the pH indicator phenol red, might 
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be responsible for the high background optical densities ob- 
served. Thus, for all subsequent experimental work described 
here, phenol red was deleted froin the culture medium. 

Determination of Antiviral Activity 

A typical test plate is illustrated in figure 4; in the 
plate shown, th^ CEM-SS cell line (70) is used as the 
target In this example, the prototypical anti-HIV-I agents 
2' 3'-dideoxy adenosine (wells Bll, C11-B4, and C4) and 
AZT (wells Dll, E11-D4, and E4) supported cell survival 
and thus significant XTT formazan production over a broad 
range of drug concentrations. The effects of various drug di- 
lutions on uninfected target cells are also shown in figure 4; 
there is a single well for each drug dilution to demonstrate 
potential cytotoxicity (F11-F4 for 2',3'-dideoxyadenosine 
and Gil -G4 for AZT). 



Quantitation and Validation of Results 

The quantitative data for AZT that were collected and 
plotted by computer are shown in figure 5. Drug comparisons 
are made on the basis of EC50 (protection in infected cells; 
fig. 5, bottom curve); IC50 (cytotoxicity in uninfected cells; 
fig. 5, top curve); and in vitro "therapeutic indices " In the 
example shown in figure 5, AZT has an EC50 of 0.186 j 
)uM, an IC50 of 191 and an in vitro therapeutic index 
aC5o/EC5o) of 1,027. u I • V,' 

The effects of AZT concentration on the relationships 
among XTT formazan production. HIV-1 p24 antigen syn- 
thesis, and infectious virus production [syncytium assay (/ 0)1 
are shown in figure 6. As a result of increased cellular sur- 
vival, there was a dose-related increase in XTT formazan 
production with increasing AZT concenuations. This was 
followed by reduction in XTT formazan production at the 
highest concentrations of AZT, as a result of drug cytotoxic- 
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FIsuK 4. Typical test plate at time of assay end point. In this 7-day assay, CEM-SS cells (10«) infected by eocultivation with H9 cells (400/well) infectrf 
w^Hn^-l Swe^^^^^^^ ACT and 2'.3'-dideoxyadenosine (DDA). Medium free of phenol red was used throughont procedures to immm^ 

backgreund SaUen^S M-G^^ reagent control (XTT-PMS in media). B3-D3: untreated, infected control celh. E3-G 3: untn^ted. unmfected cong 
cells. BU. Cn-B4. and C4: duplicate 10- fold dilutions of DDA (starting at 500 ^M) against infected CEM-SS target ceUs. Dll^ El WD4 a„d^^^^^ 
Scate lO-fold dilutions of AZT (starting at 1 mW) against infected CEM-SS target cells. FU-F4: s,ngle-w^ ^ ^A^^"k?^Li^dM£ 
uninfected, control CEM-SS cells. GII-G4: single-well dilutions of AZT directed against uninfected conuol CEM-M wMs^U-A4 sm^^^^ 
of DDA without cells. HI 1-H4: single-well dilutions of AZT without cells. Orange color mdicates formazan product of XTT reduction by viaMe ceiis. 
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Figure 5. Quantitation of XTT for- 
mazan production in AZT-treated 
cultures of CEM-SS cells. Infected 
or uninfected CEM-SS target cells 
(10*/well) treated with 10-fold, se- 
rial dilutions of AZT. EC 50 repre- 
sents concentration of AZT (e.g., 
0.186 fiM) that increases (protects) 
XTT formazan production in in- 
fected cultures to 50% of that in 
untreated, uninfected control cells. 
IC50 represents inhibitory or toxic 
concentration of AZT (e.g.. 191 
iJiM) that reduces XTT formazan 
production in uninfected cultures 
to 50% of that in untreated, un- • 
infected control cells. Levels of 
XTT formazan in untreated, in- 
fected control cells were 20% of 
those in untreated, uninfected con- 
trol cells. 



ily. Cell viability, as determined by trypan blue dye exclusion, 
paralleled the changes in XTT formazan production (data 
not shown). At the same time, p24 synthesis and infectious 
virus production (SFU) were suppressed by AZT, relative to 
synthesis and production in untreated, infected control cells. 
This suppression was also dose dependent Similar quanti- 
tation of drug cytotoxicity is. not readily obtainable by p24 
antigen analysis, and syncytium assay gives only semiquan- 
titative results. 



Effects on Cell Lines 

To date, the drug screen has been conducted predomi- 
nantly with two cell lines, CEM-SS (10) and MT-2 (6). 
Selected antiviral compounds were tested in two additional 
T-lymphoblastoid cell lines, C3-44 and LDV-7 (table 1). The 
assays in each cell line were optimized for killing of target 
cells by HIV- 1 -infected H9 cells in preliminary titration ex- 
periments. The number of cocultivated, infected H9 cells was 




Figure 6, Correlation of XTT 
formazan production by in- 
fected. AZT-treated CEM-SS 
target cells with production of 
infectious virus as measured 
by syncytium assay and p24 
antigen synthesis as determined 
by p24 antigen-capture EUSA 
U3y 
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Table 1. Comparison of T-lymphoblastoid cell line sensitivities with 
protection induced by various antiviral agents as determined by XTT 
formaran prod uction in cocultivation protocol 

CelKECso in MWt 



Drug* 








C3-44 


CEM-SS 


MT-2 


LDV.7 


AZT 


0.2 


0.012 


0.05 


0.007 


DDA 


7 


1 


1 


2 


Cyclosporine 
Pepstatin 


13 


6 


>167 


25 


; 380 


>728 


>728 


618 


Castanospermine 


201 


>M00 


1,015 


123 


ATA 


35 


16 


57 


14 


Suramin analogue 


28 


29 


41 


17 



*DDA = 2'3'-didcoxyadenosine. ATA = aurintricaiboxylic acid, 
t ECso = concentration of drug at which infected cells produce level of 
XTT formazan 50% of that produced by uninfected control cells. 



determined so that, in each target cell culture, the XTT for- 
mazan synthesis in 7 days would be reduced at least 70%. 
The test drugs were selected because of their demonstrated 
anti-HTV-1 activities in other test systems and for known 
or apparent differences in their mechanisms of action. It is 
clear from these data that not all of the T-lymphoblastoid 
host cells potentially usable in the in vitro assay system are 
uniformly protected by known antiviral compounds. 

Cell-Free Virus and Cocultivation Protocols 

Although a majority of our initial feasibility studies for the 
XTT-based anti-HIV- 1 assay were conducted with the cocul- 
tivation protocol, the daily use of this assay in a high-flux 
screen would require an unattainably high degree of con- 
sistency in the maintenance of both target cells and chron- 
ically infected H9 cells. A constant level of infectious virus 
production from the chronically infected H9 cells would be 
mandatory to ensure a consistent MOI input on a day-to-day 
basis. This requirement would be essential for assay stan- 
dardization; it would provide for uniform killing of infected 
controls and consistency of drug-induced protection from ex- 
periment to experiment. Although the cocultivation protocol 
is relatively convenient and seemed otherwise potentially at- 
tractive for use in a high-flux screen, we were unable to 
obtain the necessary day-to-day consistency and assay stan- 
dardization using this mode of virus infection. Moreover, it 
was not possible to precisely quantitate MOI with the cocul- 



tivation assay. The percentage of virus-producing cells ap. 
peared to fluctuate daily» and levels of virus-induced killing 
varied, sometimes by as much as 100%-200%. In addition, . 
other laboratories (18) have recently reported marked differ* 
ences between cocultivation and cell-free virus assays in the 
levels of protection induced by individual compounds and in 
the ability of a given assay to identify a protective agent. 

The nib variant of HTV-l, which we used initially in 
the cell-free virus protocol, produced infectious virus titen 
of 10^-10^ SFU/mL from chronically infected H9 celk 
Scale-up from small feasibility studies to large-scale screen- 
ing with the cell-free virus protocol (fig. 2B) was not practical 
with these virus preparations. On the other hand, H9 cells 
chrpnically infected with the RF variant of HIV-1 consis- 
tently produced high infectious virus titers OlO^ SFU/raL). 
MOIs necessary to provide a consistent 70%-80% reduc- 
tion of XTT formazan synthesis in the 7-day cell-free virus 
assay were easily established in preliminary titration experi- 
ments by use of the RF variant with MT-2 (MOI, 0.005) and 
CEM-SS (MOI, 0.05) target cells. Large volumes of these 
virus preparations have been divided into aliquots and frozen; 
these preparations are being used in scale-up operations in 
the high-flux screen with use of the cell-free virus protocol 
(fig. 2B). They were also used in the experiments compar- 
ing results of the cell-free virus and cocultivation protocols 
using MT-2 and CEM-SS target cells (table 2), which arc 
described later in this report; these results further highlighi 
the advantages of the cell-free virus protocol over the cocul- 
tivation protocol. 

Initially, we used 10^ target host cells per microliter well 
in the cocultivation protocol (fig. 2A). This culture condition 
may contribute to the plateau of XTT formazan production 
and premature termination of infectious virus synthesis in the 
absence of drug treatment (fig. 3A). Because this approach 
weighs the assay heavily in favor of apparent drug-induced 
protection, it may generate unnecessarily large numbers of 
false-positive results. In preliminary cell-free , virus studies 
(data not shown), it was determined that a lower number 
of host cells (5X10^ per well) would permit a continued 
increase in XTT formazan production and infectious virus 
synthesis over the 7-day culture period. Thus we used this 
number of host target cells per well in all subsequent cocul- 
tivation and cell-free virus assays. 
As we have noted, initial evaluations suggested no signif- 



Table 2. Comparison of ECsp and TCsp in cell-free virus and cocultivation protocols in MT-2 and CEM-SS cells* 
MT-Z cells CEM-SS cells 



Drug ECsoCmM) ICjoCmA/) EC^oiuM) ICjoCmM) 



CFV Cocultivation CFV Cocultivation CFV Cocultivation CFV Cocultivation 



AZT 0.43 0.24 >1,000 >1,000 0,05 0.65 >UOO0 >U000 

DDC . 2.68 NO 87.20 3.23 0.33 0.26 144.00 30.30 

DDA 0.00 1.64 >500 >500 0.00 13.90 >500 >500 

DDI 20.20 15.10 >625 >625 3.82 10.20 >625 >625 

Dcxtran sulfate 0.12 5.34 >39.5 >39.5 0.03 0.95 >39.5 >39.5_ 



♦ HIV- 1 (RF) was used for all cell-free virus (CFV) assays. MOI was 0.005 for MT-2 cells and 0.05 for CEM-SS cells. Cocultivation protocol used 10^ 
H9 cells chronically infected with HIV-l (Illb) to infect 10^ MT-2 target cells; 400 infected H9 cells were used to infccl lO'* CEM-SS target cells. DDC 
2'.3'-dideoxycytidine; DDA = 2',3 -dideoxyadenosine; DDI = 2',3'-dideoxyinosine; NO = not obtainable. 
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leant differences in the sensitivities of the two assay pro- 
cedures to drug-induced» antiviral protection. These initial 
studies were conducted with a limited number of nucleo- 
side analogues in MT-2 cells. The data in table 2 suggest 
that, depending on the cell line and the compound tested, the 
method of testing could have a significant impact on assay 
results. The cell-free virus assay appears to provide a more 
sensitive system for identifying protective compounds. These 
results appear to be independent of drug mechanisms, as can 
be seen from a comparison of the effects of two of the drugs 
used with the two assay protocols: 2',3'-dideoxy adenosine, a 
nucleoside analogue (a reverse transcriptase inhibitor), and 
dextran sulfate, which is purported to function at the level 
of virus attachment (79,20). Comparison of the EC50 val- 
ues in table 2 shows that the cell-free virus assay indicates 
much more potent protection by dextran sulfate than that in- 
dicated by the cocultivation procedure, depending on the cell 
line used. 

We observed differences between the cytotoxic effects of 
the test compounds on MT-2 and CEM-SS cell lines. The 
agent 2',3'-dideoxycytidine appeared to be more toxic in 
MT-2 cells than in CEM-SS cells. Although our data suggest 
that differences exist in the sensitivities of cell lines to both 
the protective (tables 1 and 2) and direct cytotoxic (table 2) 
effects of test agents, the CEM-SS line has proven overall to 
be the most useful host cell line for identification of potential 
active compounds in the primary screen. Compounds that 
demonstrated antiviral activity in other cell lines have seldom 
had negative results in the CEM-SS cell line. 



Discussion 

On the basis of the studies described here, we have im- 
plemented, as our high-flux primary anti-HIV-1 screen, the 
cell- free virus protocol (fig. 2B) using the HIV-1 (RF) virus 
with the CEM-SS host cell. If a test substance shows at least 
30% protection against virus-induced cytopathic effects in 
the host cells, ,the microculture XTT antiviral assay is re- 
peated. Additionally, at the termination of the assay, micro- 
scopic observations of cell survival are made, and aliquots 
are removed for correlative assays, such as the p24 antigen 
enzyme-linked immunosorbent assay (ELISA) and the syn- 
cytium assay for infectious virus. 

The microculture XTT antiviral assay provides a quanti- 
tative representation of HIV-1 -induced cytopathic effects as 
modulated by test substances. This relatively simple assay fa- 
cilitates the safe and rapid determination of in vitro antiviral 
activity as well as direct cytotoxicity. We confirmed that this 
system measures infection and subsequent viral replication in 
target cells; we correlated XTT formazan production with the 
accumulation of extracellular virions, as measured by quan- 
titative HIV- 1 -induced syncytium formation and p24 antigen 
synthesis. Our studies provided evidence for the validity of 
this assay. We performed double-blind studies in which AZT, 
an agent known to be clinically active, and other new proto- 
type agents were reliably detected. Other potential target cell 
types, including both cultured and primary cells, such as pe- 
ttpheral blood lymphocytes and monocytes or macrophages, 



are being evaluated for secondary assays to further charac- 
terize antiviral protection. 

While the microculture XTT antiviral assay appears to be 
exceedingly useful for its intended application, there are nev- 
ertheless potential technical and theoretical limitations. For 
example, false-positive results may be generated by occur- 
rence of the following problems individually or in combina- 
tion: (a) nonspecific reduction of XTT by test compounds, 
(b) pooriy understood drug-cell-XTT interactions, and (c) 
human error. Though it is a rare event, restoration of XTT 
formazan production (protection against viral cytopathic ef- 
fects) without suppression of virus replication h^s also been 
observed in our laboratory. Thus, data generated by the XTT 
formazan-based drug screen may occasionally be subject to 
misinterpretation in the absence of confirmatory analyses. 
Useful correlative measures for confirmation of positive re- 
sults in the primary screen are provided by cell-free drug 
controls, microscopic observation of all samples with positive 
results, and secondary tests (e.g,, p24 or syncytium analysis) 
to validate suppression of virus replication. 

Other laboratories (27,22) have recently reported the de- 
velopment of chromogen or cell viability dye-based assays 
and have proposed their use in screening for anti-HIV drugs. 
However, both of these assay systems require additional cen- 
trifugation or pipetting steps at the time of end-point de- 
termination. The study by Montefiore et al. (2i), for ex- 
ample, requires suspension of drug-treated, virus-infected 
cells in microtiter trays and transfer of this suspension to a 
poly-L-lysine-treated microtiter tray, followed by incubation 
with neutral red, washing and centrifugation to remove ex- 
cess dye, and extraction of the dye into acidified ethanol prior 
to colorimetric quantitation. An alternative microtiter-based 
MTT assay was recently suggested by Pauwels et al. (22); 
this assay also uses MT-2 cells as targets. The assay is also 
a potentially rapid screening method, but unlike the XTT 
system, it requires solubilization of the resulting formazan. 
Thus, both the MTT and neutral red assays necessitate ad- 
ditional centrifugation, pipetting, or aspiration steps with all 
of the attendant increased potential for aerosolization and 
exposure to HIV. 

During 1988, the microculture XTT antiviral assay sys- 
tem was applied as a primary screen to the evaluation of 
>20,000 samples (10,000 plates), with use of both CEM-SS 
and MT-2 target cells for each test. The 20,000 samples in- 
cluded ^7,000 unique compounds; 4,000 were pure synthetic 
or naturally occurring compounds, and 3,000 were crude ex- 
tracts or partially purified fractions from natural products. A 
recent report by Vince et al. (23) described the first new syn- 
thetic anti-HIV- 1 drug candidate identified by this screen; it is 
a novel carbocyclic nucleoside analogue. Moreover, since the 
pilot-scale implementation of the screen 1 year ago, «*70 ad- 
ditional compounds {«1% of unique samples screened) have 
shown in vitro anti-HIV- 1 activity. Although a majority of the 
new active compounds are analogues of known or closely 
related classes of antiviral agents, a few entirely new nonnu- 
cleoside classes of antiviral compounds, including synthetic 
as well as natural products, have been identified. For exam- 
ple, Gustafson et al, (manuscript submitted for publication) 
have described a novel series of active anti-HIV sulfolipids 
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discovered by XTT anti-HIV bioassay-guided isolation from 
Cyanobacteria (blue-green algae). With the full implementa- 
tion of the NCI anti-HIV- 1 screening program, which is antici- 
pated by mid- 1989, we expect to achieve a screening capac- 
ity of at least 40,000 samples per year. The NCI high-flux 
primary anti-HIV- 1 screen should therefore provide a power- 
ful new drug-discovery support resource for AIDS-targeted ef- 
forts not only intramurally within NIH, but also, as intended, 
extramurally at national and international levels: 

In conclusion, the microculture XTT antiviral assay pro- 
vides an immediate solution to the need for large-scale pri- 
mary screening facilities for potential antiviral compounds. 
The NCI continues to investigate suitable secondary screen- 
ing systems as well as alternative new primary assays to oper- 
ate in parallel with or even to replace this assay. It is hoped 
that the availability of this national resource will facilitate 
the prompt identification and development of new, chnically 
useful anti-HIV- 1 drugs. 
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